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this paper deals with two types of synaptic process. 
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EXCITABILITY CHANGES IN AFFERENT FIBRE 
TERMINATIONS AND THEIR RELATION 
TO SLOW POTENTIALS 
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(Received 12 August 1957) 


This paper deals with events in the terminal arborizations of afferent fibres in 
the spinal cord. The anatomical localization of the various physiological pro- 
cesses of synaptic transmission has never been clearly established. The term 
‘synapse’ was introduced by Sherrington in 1897. He -assumed that the 
various physiological synaptic phenomena, such as delay, drug sensitivity, 


- one-way conduction, and modulation, were the properties of the points of 


contact between contiguous neurones. The axons leading up to these points of 
contact were assumed to be private channels of nerve impulse conduction 
similar to the long-running peripheral axons about which so much is known. 
However, more recent work has shown that in the terminal arborization itself 
there can be a slowing of the impulse and a change in the nature of the after- 
potentials (Rudin & Eisenman, 1953). Nerve impulses may be blocked during 
their passage along the final length of the axon (Wall, McCulloch, Lettvin & 
Pitts, 1955; Wall, Lettvin, McCulloch & Pitts, 1955). The phenomenon of post- 
tetanic potentiation has been attributed by Lloyd (1949) to presynaptic mem- 
brane potential changes, and strychnine has been shown to have similar pre- 


synaptic effects (Wall, McCulloch, Lettvin & Pitts, 1955; Wall, Lettvin, 


McCulloch & Pitts, 1955). Neighbouring presynaptic fibres interact so that 
activity in one set may block impulse transmission in their neighbours 
(Howland, Lettvin, McCulloch, Pitts & Wall, 1955). Presumably, similar 
events may go on in the dendritic tree and depend upon the nature and 


) geometry of its membrane. Therefore, it seems that the structures associated 


with the physiological phenomena of synaptic transmission may extend over 
a much longer length of nerve membrane than the immediate surrounding of 
the boutons terminaua. It is in this extended sense of the term ‘synapse’ that 
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A method had been developed for plotting and analysing the potential field 


surrounding a volley of impulses advancing into the spinal cord (Howland et al. 
1955). The method was extremely laborious, and limited in its resolution. It 
was thought that a simpler and better method of locating nerve impulses might 
be to test the excitability of fibres which were neighbours of the active fibres. 
The interaction of neighbouring active and passive fibres had been shown in 
a peripheral nerve by Katz & Schmitt (1942). Their results suggested that a 
triphasic change in the excitability of passive neighbours might be found as the 
action potential in the active fibre swept past a testing point in the passive fibre. 
A method was devised, using micro-electrodes for stimulating, by which the 
excitability of afferent axons could " tested at various points along their path 
within the spinal cord. 


METHODS 


In the experiments cited as illustrations, the cats were anaesthetized with 0-5 ml./kg intraperi- 
toneal Dial (allobarbitone; Ciba). All experiments were repeated in either spinal or decerebrate 
animals and the results did not differ qualitatively from those seen in animals under barbiturate 
anaesthesia. The peripheral nerves were dissected free in the popliteal fossa, divided peripherally, 
and suspended on Ag—AgCl hooks in oil, The lumbar enlargement of the spinal cord was exposed 
and submerged in oil through which a 5% CO, and 95% O, gas mixture was bubbled. All ventral 
roots in the relevant segments were cut; the dorsal roots were left intact. The temperature of the 
animal and of the oil baths was maintained at 36°C. Recordings of dorsal root potentials were 
made through a d.c, amplifier system in order to record the time course of the slow components. 
The antidromic volley on the peripheral nerve was also recorded through a d.c. amplifier in order 
to take advantage of the non-blocking characteristic of these amplifiers. Since it was required 
to record a small antidromic volley close to stimulating electrodes which had evoked a maximal 
orthodromic volley, it was necessary to eliminate both the blocking effect of the stimulus, and of 
the maximal volley, whose size was more than twenty times that of the subsequent. antidromic 
volley in which we were interested. 

The electrodes, The method of stimulating the terminal arborizations of afferent fibres by 
monopolar micro-electrades has been previously described and used to discover the pathway of 
fibres within the central nervous system (Wall, McCulloch, Lettvin & Pitts, 1955, 1956). The 
micro-electrodes were cylindrical, glass-covered, 10 » platinum wires with an over-all diameter 
of 20 » ground to a needle point at the end. Their position within the cord was determined by 
cutting them off, leaving them in place and clearing a slab of fixed spinal cord containing the 
electrodes (Howland et al. 1955; Wall, McCulloch, Lettvin & Pitts, 1955; Wall, Lettvin, McCulloch 
& Pitts, 1955). The electrodes penetrate easily into the cord after removal of the dura and as 
many as thirty penetrations can be made in a transverse row across the lumbar enlargement 
without producing any detectable changes in the reflex pattern of the dorsal root potentials from 
that segment, The stimulator attached to the micro-electrode generated constant current pulses 
lasting 0-2 msec. The current flowing through the tip of the electrode was adjustable from 0-1 to 
50 pA but was usually used in the 0-5-5 »A range. The indifferent electrode consisted of the four 


muscle-retractor blades placed about the exposed lumbar cord. Each stimulating pulse through 


the micro-electrode was followed at the end of the sweep by an identical pulse in the opposite 
direction in order to reduce polarization and electrolytic phenomena around the tip of the 
electrode. The stimulus intensities used were sufficient to stimulate only fibres less than 0-1 mm 
from the electrode tip, and therefore the resolution is comparable with neuro-anatomical techniques. 


Measurement of excitability changes in afferent fibres. The course of two groups of afferent fibres 
within the cord was found by the micro-electrode stimulation method. These groups were the 
largest (group I) sensory fibres from the nerve to gastrocnemius and the fastest group of sensory 
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fibres from the sural nerve. Many points in the cord were stimulated seriatim by a probing micro- 
electrode. Since all the nearby ventral roots had been cut, there was no possibility of trans- 
mitting impulses to the periphery along the motor axons. Therefore, any response recorded on 
the peripheral nerve was an antidromic volley in the afferent fibres. Since the conduction distance 
was long, from the lumbar enlargement to the popliteal fossa, the various velocity groups arrived 
separately at the periphery, and it was possible to separate out those impulses which had travelled 
at a velocity characteristic of a special group. Stimulation within the cord may produce the 
equivalent of a dorsal root reflex which will, of course, also be conducted to the periphery. 
However, this reflex does not occur in group I fibres at normal temperatures (Brooks & Koizumi, 
1956), and there was therefore no problem in the case of the studies on the gastrocnemius afferents. 
In the sural nerve the dorsal root reflex could be distinguished from the directly evoked antidromic 
volley by making use of the time delay between the arrival of an afferent volley in the terminal 
arborization and the initiation of the dorsal root reflex. The minimum central latency of the dorsal 
root reflex was shown by Frank & Fuortes (1955) to be 2-5 msec. This delay is sufficient to make 

a clear separation at the periphery of the arrival time of the directly evoked impulses in fast sural — 
fibres and the impulses which make up the dorsal root reflex. 

In order to examine the excitability changes in the afferent fibres, the micro-electrode was 
placed at some point along their intramedullary course. The antidromic volley appeared at the 
periphery as a monophasic wave, since the distal recording electrode was on the crushed end of the 
nerve. The area of this wave in preference to its height was recorded. The area varies directly with 
the number of impulses in the volley if the size of the individual action potentials is assumed to be 
constant. Since the recording is monophasic, the area, unlike the height, is not affected by a change 
in the synchronization of the volley. This is an important consideration where we expect a change in 
conduction velocity during after-potentials. If the current entering the tip of the stimulating 
micro-electrode was increased, more fibres in the stimulated area were fired, and a larger antidromic 
volley was recorded at the periphery. 


RESULTS 
Excitability changes in active fibres 
_ This group of experiments tested the excitability change at various places 
along the course of a group of afferent fibres after each fibre had carried an 
orthodromic impulse. The arrangement of the stimulus and recording points 
is shown in Fig. 1. The stimulating micro-electrodes were placed at three points 
along the intramedullary course of the axons. Point (1) is at the root entrance 
zone immediately after the fibres have entered the cord and are in the region 
of the first bifurcation. The second stimulus point (2) is at the end of the 
terminal arborization. In the case of the group I fibres from gastrocnemius 
this point is deep in the ventral horn among the motor cells of the gastroc- 
nemius nucleus, whereas the fastest components of the sural nerve end on 
internuncial cells in the middle of the dorsal horn, probably corresponding to 
layer IV of Rexed’s classification (1952). The third stimulation point (3) was 
in the dorsal columns in segments L2-3 before the ascending collaterals of the 
group I fibres dive ventrally to terminate on the cells of the column of Clarke. 
For each stimulation point, the relation between the strength of stimulus 
and the size of peripheral response was first measured. Six examples of this 
relation are shown in Fig. 2. Each group of four responses was evoked by the 


same stimulating current. The response is seen to decrease as the current. was 
| | 1-2 
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Gastrocnemius 


Fig. 1. Diagram of stimulus and recording arrangement for the results shown in Fig. 3. The 


peripheral electrodes 8 and R were on the cut nerve in the popliteal fossa; S was used to 
evoke the maximal orthodromic volleys. The excitability of the central axons was tested by 
stimulating submaximally with a micro-electrode at points 1, 2 and 3. The monophasic 
recording of the antidromic volley was made with electrodes R. 


Fig. 2. Relation of the strength of stimulus delivered through the micro-electrode in the spinal 


cord to the size of the antidromic response recorded in a peripheral nerve. Results from six 
different stimulus points within the cord along the course of the sensory fibres from gastroc- 
nemius are shown. The recordings were taken on the cut end of the nerve to gastrocnemius 
after all ventral roots had been cut. Each vertical line represents the area under the fastest 
wave in the compound action potential, Each group of four responses was evoked by the 
same stimulating current. The current was reduced by regular steps (from 5 A at the left 
to 0-1 »A at the right). The central irregular pair were evoked by stimulation in the terminal 
arborization, where the fibres are sparse; the other four came from stimulus points in the 
root entrance zone and in the dorsal column. 
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reduced by regular steps. Stimulation intensities were chosen for each actual 
experimental point in which the responses remained within a linear part of the 
stimulus-response relation. This was then taken to mean that the tip of the 
micro-electrode was surrounded by a homogeneously distributed population of 
fast fibres from the nerve on which the recording electrodes were placed. The 
slope of the line stimulus-response relationship is an indication of the density 
of packing of these fibres. As would be expected, this slope fell as the stimulus 
point was moved from the dorsal root entrance zone into the gray matter 
where the afferent fibres end. This is not shown in Fig. 2; here, the amplifi- 
cation was changed between stimulus points, since the only reason for this test 
was to determine which section of the stimulus—response curve most closely 
approaches a straight line. It is possible to make use of these findings in order 
to determine changes of excitability. So long as the response remains in a 
linear part of the stimulus—response curve and so long as the stimulus is held 
constant, the peripheral response, taken as a fraction of the resting response, 
represents the average excitability of the fibres immediately surrounding the 
tip of the micro-electrode. In other words, if the excitability of a group of fibres 
increases, a fixed current flowing to a micro-electrode will fire more fibres; there 
will be an increase in the volume of tissue around the electrode in which the 
current flow reaches threshold for the fibres under examination. 

When a stimulus was applied to a micro-electrode in one of these three 
positions, an antidromic response was recorded on the cut end of the peripheral 
nerve. Since all ventral roots were cut, no orthodromic response appeared. 
A compound action potential was recorded. By brightening a selected part of 
the oscilloscope trace, only the fastest group of impulses was actually photo- 
graphed. The area under this fast wave was measured by an electronic 
integrating circuit and the size of this area is indicated by the height of a 
vertical line on the oscilloscope screen. The position in which the line appears 
on the screen shifts to the right at each stimulus as the interval between 
conditioning and testing volleys increases, so that the course of the excitability 
changes can be traced (Fig. 3). The stimulus intensity had been fixed at a level 
far below maximal by the method discussed in the previous section. A maximal 
orthodromic conditioning volley was set off from the periphery in all the 
afferent sensory fibres from the nerve under observation. The pair of stimuli 
were fired off once every 2 sec. The time interval between the testing anti- 
dromic volley evoked from the micro-electrode and the orthodromic maximal 
conditioning volley was changed by a small regular step after each stimulus. 
When the interval between the conditioning and the test volley was small, no 
antidromic volley appeared at the peripheral recording electrodes: the anti- 
dromic impulses had collided with the orthodromic ones. After the ortho- 
dromic impulses had passed the area being stimulated by the micro-electrode, 
no antidromic impulse could be evoked during the refractory period of the 


42 
the 
= 
t 
Ag 
4 
a 
id 
om 
4 
we 
wy 
34 
& 
wg 
x 
4 
ok 


6 PATRICK D. WALL 


nerve fibres. Therefore, there is a gap in the recording of the envelope which 
represents the conduction time plus the refractory period of the fibres. There 
follows a short period in which the size of the antidromic volley is decreased, 
the partial refractory period. Following this there is an increase in the size of 
the antidromic volley. For the group I (gastrocnemius) fibres, this increase has 
about the same time course for all three of the stimulus points and lasts about 
25-30 msec. This agrees with the measurements made by Rudin & Kisenman 
_ (1953) for the duration of the negative after-potential in dorsal column axons. 


Fig. 3. Changes i in excitability of the fastest fibres from gastrocnemius and sural nerves after the | 
passage of an orthodromic volley. The three testing places were as shown in Fig. 1 and corre- 
spond to the records marked 1, 2 and 3. The paired orthodromic maximal conditioning volley 
and the antidromic submaximal testing volley were fired once every 2 sec. The interval 
between the two stimuli was changed after each stimulus. Each vertical line represents the area 
of the antidromic volley in the fastest group of fibres. This volley was evoked by the central } 
testing micro-electrode and recorded on the cut end of the peripheral nerve. The orthodromic 


volley was set off from the peripheral nerve at a time marked by the — of the gap 
in each record. Time marker, 10 msec. 
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It will be noticed, however, that the size of the change was greater in the 
terminal arborization in the ventral gray matter than at the other two points. 
This was a consistent finding, so that as the micro-electrode was moved along 
the course of the penetrating fibres there was an increase in rise of excitability : 
after the impulse. 

If the same experiment was carried out on the fastest group of fibres in the 
sural nerve, quite different results were obtained; they are shown in the right- 
hand series of Fig. 3. When the excitability changes in the afferent axons at the 
root entrance zone were tested, there was a small prolonged increase of excita- 
bility, m contrast to the short period of hyperexcitability shown by the 
proprioceptive fibres (Fig. 3, 1). This effect was greatly exaggerated as the © 
testing micro-electrode moved closer to the terminals of these fibres in the 
dorsal horn (Fig. 3, 2). When fibres were stimulated in this region, there was 
a consistent observation of a very large increase in excitability lasting over 
100 msec. On the other hand, the branches which course up the dorsal column 
(Fig.3, 3) showed only ashort period of hyperexcitability lasting approximately 
25-30 msec. The collaterals which passed up the dorsal columns therefore - 
showed the same pattern of changes in excitability after carrying an impulse, 
whether they were from large, proprioceptive fibres of gastrocnemius origin or 
whether they were from the sural skin nerve. In contrast, the skin nerve fibres 
which terminate on internuncials in the dorsal horn show a large and prolonged 
increase of excitability, and the penetrating proprioceptive fibre endings 
showed a smaller and much shorter period of hyperexcitability. | 

Excitability changes in passive fibres | 

It was shown above that the excitability changes after the passage of an 
action potential differ in different parts of the axon. This might mean that the 
membrane potential varied along the axon. In which case, these fibres would 
generate an external potential field which might affect the excitability of 
neighbouring fibres. 

For the examination of such effects in the central fibres of the nerve to the 
gastrocnemius muscle, the nerve to gastrocnemius was separated into the 
branches to the lateral and medial heads of the muscle. Recording electrodes 
were placed on the end of the nerve to the lateral head. The testing micro- 
electrode was placed, as before, on the three points of interest. A maximal 
orthodromic volley was initiated in the nerve to the medial head. This experi- 
ment failed to show any change in the excitability in fibres from the lateral 
head after the passage of a volley along the fibres from the medial head. It is 
known that these two groups of fibres run very close to each other in the cord 
and end on the same cells. It has been shown that any motor horn cell affected 
by impulses from one head of the muscle is also changed in its excitability by 
fibres from the other head. Since these effects occur very rapidly they are 
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assumed to be monosynaptic and it is reasonable to suppose that the two groups 
of afferent fibres end on the same motor horn cells. The results of this group 
of experiments show, however, that the excitability changes in the active 
endings did not affect the neighbouring passive endings on the same cells. 

Since these two nerves are fairly small, it was thought possible that the 
effect on the passive fibres might not be seen because of the relatively small 
number of active fibres. Therefore, a single dorsal rootlet in dorsal root $1 
which contained fibres connected to the peripheral gastrocnemius nerve was 
isolated. The remainder of dorsal root §1 and the whole of L7 were cut and 
mounted on electrodes and a maximal stimulus was delivered to them. The 
passive fibres in the centre of this mass of active fibres still failed to show any 
signs of excitability change after the passage of the afferent volley. » 

Sensory fibres from the sural nerve did not show this isolation from their 
neighbours. The arrangement for testing this is shown in Fig. 7. Arootlet which — 
contained fibres from the sural nerve was discovered by successive stimulation 
of individual rootlets until one was found to be connected to the peripheral 
nerve. This was done by placing a monopolar stimulating micro-electrode on 
a dorsal rootlet and measuring the size of the antidromic volley recorded on 
the sural nerve. The rest of the root, L7, was cut at its exit from the dura and 
mounted on stimulating electrodes. When the testing micro-electrode was in 
the dorsal horn, and after an orthodromic volley has passed over the neigh- 
 bouring afferent fibres, it was found that there was a marked and prolonged 
increase in the excitability of the passive endings of thesural fibres. This change 
was not dependent on the presence of a dorsal root reflex in the passive fibres. 
If the testing micro-electrode was placed among the ascending branches of the 
sural fibres in the dorsal column at L1, there were no signs of an excitability 
change in the neighbouring fibres in this part of their course. 


Interaction of the excitability changes tn terminal arborizations and 
antidromic impulses in the post-synaptic cell 

The maximal orthodromic conditioning volley in the gastrocnemius nerve 
in the experiments described above evoked a monosynaptic reflex, and it was 
therefore possible that the excitability changes seen in the terminal arboriza- 
tion were the result of the excitation of the post-synaptic unit. To test this, 
the ventral root of 81 was placed on stimulating electrodes and a maximal 
antidromic volley was fired into the ventral horn. The excitability of the 
group I terminal fibres in the ventral horn was then tested by local micro- 
electrode stimulation. No change could be detected in the excitability of the 
endings as a result of the arrival of an antidromic volley in the motor horn 
cells. Since it is known that barbiturate depresses the antidromic penetration 
of impulses into the dendritic region (Lloyd, 1951), it was necessary to repeat 
this experiment in spinal animals without anaesthesia. As in the anaesthetized 
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preparation, no excitability changes in the terminals as a result of post- 


synaptic activity were detected. 


The same type of experiment was attempted with the sural nerve endings. 
This is a much more difficult experiment, since the axons of the cells, on which 
the skin afferents end, are buried in the neuropil. The method adopted was, 
in brief, to evoke a polysynaptic reflex in the ventral root by an orthodromic 
sural nerve volley, and then to lower a stimulating micro-electrode into the 
central gray matter to a depth just below that at which the stimulus produced 
an antidromic volley in the sural nerve, and yet still produced a polysynaptic 
reflex in the ventral roots with a distribution similar to that produced by the 
sural nerve. It was presumed then that the electrode was now surrounded by 
the axons of the internuncials on which the sural nerve fibres end. A second 
stimulating micro-electrode, placed among the terminals of the sural fibres in 
the dorsal horn, revealed that there was no change in the excitability of the 
endings of the sural nerve fibres following the effect of the stimulus from the 
deeper micro-electrode. It must be said, however, that no proof was sought 
that the first internuncial cells were stimulated and, therefore, this experiment 
fails to show as conclusively as did the experiment on the motor neurones and 
their afferents that there was no relation between the presence of post-synaptic 
impulses and the occurrence of the recorded excitability change in the terminal 
arborization. | 


Relation of repetitive firing of the post-synaptic units to 
the excitability change in the terminal arborization. | 

It was necessary to consider whether or not the large and prolonged hyper- 
excitability of the sensory endings was due to the repetitive firing of the cells 
on which they ended. It has already been shown in the previous section that 
attempts to stimulate the internuncial cells antidromically did not produce any 
change in the excitability of the afferent ending. Heavy barbiturate anaes- 
thesia was used as a second method of investigating the effect of the firing of 
internuncials on the changes of excitability in the afferents. A dorsal root 
which was the neighbour to the one carrying the bulk of the sural nerve was 
cut and mounted on stimulating electrodes. An intravenous infusion of 
Nembutal (pentobarbitone; Abbott Laboratories) solution was started. As the 
total dose increased, respiration stopped and artificial respiration was insti- 
tuted. The reflex on the ventral root evoked by dorsal root stimulation dis- 
appeared. At this stage a recording micro-electrode was inserted into the 
gray matter of the dorsal horns, and a search was made for cells responding by 
the production of action potentials to the arrival of the sensory volley from 
the dorsal root. Finally, when a dose of Nembutal of about 100 mg/kg had been 
administered, no responding internuncials could be discovered by the searching 
probe. Further injection of anaesthetic was halted, and the response of the 
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sensory endings of the sural fibres to the passage of an orthodromic volley was 
immediately tested by the method described in the first section. It was found 
that the increase in excitability had decreased to about one half of that seen 
before the introduction of the additional barbiturate anaesthetic. However, the 
change was still pronounced and followed the same time course as before. It is 
therefore evident that the change in the endings is not dependent on the 
production of propagated action potentials in the cells on which they end. 
_ A third method of investigating this question was carried out on cells in 
a different location. One of the characteristics of the cells in the nucleus of 
Goll is that they produce a much shorter ‘after-discharge’ after the arrival of 
a volley in their afferents than do the internuncials in the dorsal horn 
(Amassian & de Vito, 1954). The ‘after-discharge’ of the cells in this nucleus 
does not last beyond 10 msec, and the great majority of cells fire fora shorter | 
time after the arrival of an afferent volley from the dorsal columns. We 
therefore tested the excitability of the terminal arborizations of dorsal column 
fibres ending in this nucleus by the method shown in Fig. 4. Both active and 
passive fibres were tested. For the test of active fibres, dorsal root $1 was cut 
and mounted on recording electrodes distally and stimulating electrodes 
proximally. A maximal orthodromic volley was fired forward by the stimu-. 
lating electrodes on the root. The testing micro-electrode was placed in the 
middle of the nucleus gracilis. The stimulus applied to this electrode resulted 
in an antidromic volley passing down the dorsal columns and out into dorsal 
root 81 where its size was recorded by the method already described. The 
upper part of Fig. 5 shows the interaction of these two volleys. The hyper- 
excitability of the endings lasted well beyond the 60 msec shown in the figure, 
in fact to about 130 msec. Axons along their course in the dorsal columns at 
some distance from their endings were found to show an increase in excitability 
which lasted only 25-30 msec, as is shown in pair number 3 of Fig. 3. Changes 
in the excitability of the endings of neighbouring passive fibres were recorded — 
by stimulating a maximal orthodromic volley in the fibres of the 81 dorsal root 
and testing, by the antidromic method, the change of excitability of the 
endings of the fibres from dorsal root L7. The results are shown in the lower 
part of Fig. 5; it is clear that there is also a prolonged increase in the excita- 
bility of these endings. A small, short increase of response is seen in this 
envelope shortly after the orthodromic volley has been set off; this is due to 
the superimposition on the antidromic volley, coming from the nucleus gracilis, 
of the dorsal root reflex originating in the nearby penetrating collaterals of the 
sensory fibres which end in the dorsal horns. This initial increase is not related 
_ to events in the endings on the nucleus gracilis cells. When the passive fibres _ 
were tested as they coursed along in the dorsal columns in the mid-thoracic 


region, no change in their excitability was found after the passage of a volley 
in their neighbours. 
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Nucleus 
gracilis 


Fig. 4 
Fig. 4, Diagram of the stimulus and recording arrangement for testing changes of excitability of 
both active and passive endings on the cells of the nucleus gracilis, Dorsal root §1, the active 
root, was cut and placed on both stimulating (S) and recording (R) electrodes. The passive 
dorsal root L7 was cut and placed on recording electrodes. The testing micro-electrode was 
placed in the nucleus gracilis. 
Fig. 5. Changes in the excitability of active fibres (above), and passive fibres (below) ending on 
the cells of nucleus gracilis. The method of making the records was similar to that shown in 
Fig. 3 and is described in the text; time marker, 10 msec. 


Relation of excitability changes in afferent terminals to dorsal root potentials 

The findings reported above demonstrate that there is a greater increase of 
excitability in the axon terminations of the skin nerves than in their parent 
fibres after they or their neighbours have carried an impulse. This might be 
a sign of a greater decrease of the membrane potential of the terminal axons. 
Barron & Mathews (1938) recorded a long-lasting potential from a passive 
dorsal root whose neighbour had carried an afferent volley of nerve impulses. 
In Fig. 6 the relation between the change of excitability in the terminals (right) 
and the long-lasting negative potential of Barron & Mathews (left) is shown. 
It is seen that in the same animal the two changes follow a similar time course. 

Later work on this potential by Lloyd & McIntyre (1949) showed that the 
passive dorsal root potential contained five major electrotonic sae mas 
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In addition, there is a period of antidromic impulse conduction, the dorsal 
root reflex, which is generated during the early part of the large negative 
component. Lloyd & McIntyre’s analysis showed very clearly that the first 
three electrotonic components coincided with the passage of the nerve impulses 
from the active root past the root entrance zone of the passive root to produce 
a triphasic disturbance in the passive root. 


Fig. 6. Comparison of the time course of the passive dorsal root potential (on the left) and the 
excitability changes in the terminal arborization of passive sural nerve fibres (on the right). 
The dorsal root potentials show first the short positive deflexion (D.R. IV), then the dorsal 
root reflex, and last the prolonged negative deflexion (D. R. V). The dorsal root potentials and 
envelopes are recorded on two different time scales, marked in 10 msec, (a) on a slow time 
base and (5) on a faster time base. The dorsal root potential was recorded with a d.c. amplifier, 


detail in Figs. 7 and 8. 


The events associated with the remaining two potential changes—the fourth 
(positive) potential and the fifth (negative) potential—have been investigated 
here. The experimental arrangement for this is shown in Fig. 7. It was necessary 
to isolate, for use as passive fibres, a very small bundle of fibres from the sural 
nerve entering the cord through one rootlet. The reason for this is that the 
sural nerve fibres enter the cord over many rootlets entering over about 8 mm 
length of the root entrance zone, and a micro-electrode placed in the dorsal 
column will stimulate not only those fibres which terminate nearby but also 
those which run for some distance before reaching their terminations. Since 
the excitability changes alter rapidly as the stimulation point is moved along 
the axon from root entrance zone to terminations, the changes could only be 
investigated if a small bundle was used. The rootlet left connected to the 


peripheral nerve was that which, when stimulated, sent the largest antidromic 
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volley back to the sural nerve. The remainder of dorsal root, L7, was cut and 
placed on stimulating electrodes. The roots $1, L6, and $2 were also cut so that 
the sural nerve was connected to the spinal cord only by the one remaining 
intact rootlet. The course of the fast fibres in this rootlet could then be followed 
by the micro-electrode stimulation method (Wall et al. 1956). These fibres 
follow a C-shaped course after entering the cord at the root entrance zone. 
First they run medially and ventrally into the dorsal column, keeping close 


R 


Fig. 7. Electrode arrangement for testing the relationship of excitability changes i. the central 
| endings of fast sural nerve fibres with the dorsal root potentials. All dorsal and ventral roots 
were cut except for a single rootlet which was connected to the sural nerve on which recording 
electrodes were placed, R. The whole of the seventh lumbar dorsal root was placed on 
stimulating electrodes 8. The antidromic test volley was evoked by micro-electrode stimula- 
tion at many different points along the penetrating course of fast sural nerve fibres in the one 
remaining rootlet in the region. | ; 


to the surface of the dorsal horn. The fibres then turn laterally, and penetrate 
the gray matter, and terminate along the cells which lie in Rexed’s layer IV 
(Rexed, 1952). Fig. 8 shows in detail the excitability changes at a different 
- point along the course of the sural fibres. The active fibres were all components 
of the 7th lumbar dorsal root and the passive fibres that were examined were 
the sural fibres running in one rootlet. The results of stimulating the sural fibres 
are shown for nineteen different stimulus points along their mtramedullary 
course. In the right-hand column, the stimulating micro-electrode descended 
to six points in the medial dorsal column. In the top right-hand envelope the 
stimulus point was just below the surface. The subsequent envelopes are 
derived from stimulus points that were 0-5, 0-75, 1-00, 1-25, and finally, at the 
bottom right, 1:50 mm below the surface. The next column to the left shows 
results obtained from similar depths in the dorsal column but displaced 
laterally toward the dorsal horn. For the next column (to the left) the four 
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Fig. 8. Time course of the excitability changes in sural nerve fibres after the arrival of a maximal 


orthodromic volley from a neighbouring dorsal root. Each record is derived from a different 
stimulus point along the course of penetration of the sural fibres. The positions of the 
stimulating micro-electrodes are marked in the diagram, which shows the dorsolateral 
quadrant of the L7 segment of the spinal cord. The records are arranged in a corresponding 


pattern to the points in the diagram. The orthodromic volley was set off at the time marked 
by the line below each record. Time marker, 2 msec. 
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stimulus points were at increasing depths in the medial dorsal horn gray 
matter. Finally, in the left column, the envelopes result from stimulation of 
three points in the most lateral extension of the sural fibres into the gray 
matter. 

It can clearly be seen that where the micro-electrode was testing the 
excitability of the axons in the white matter close to the root entrance zone, 
the main excitability change is a short period of depression (upper right 
envelopes, Fig. 8). This depression is synchronous with the appearance of the 
fourth dorsal root potential in a passive root (D.R. IVP, Lloyd & McIntyre, 
1949). When the point of testing the excitability moves away from the white 
matter towards the terminations, this depression decreases and finally dis- 
appears (lower left envelopes, Fig. 8). | | 

In contrast, the amount of the hyperexcitability that follows the depression 
is small when the point of stimulus is close to the entrance but is greatly 
increased as the axon is tested closer to its terminations. It is this period of 
hyperexcitability which is coincident with the large negative dorsal root 
potential. Thus the location of the origin of the positive dorsal root potential 
is in the myelinated part of the axon and the large negative potential in the 
part close to the terminals. 


Effect of polarization of a dorsal root on the excitability 
of its terminal arborization 

In the experiments above, the relation between disturbances in the region 
of the terminal arborization and potentials recorded on the dorsal roots has 
been studied. It was therefore of interest to investigate the effect on the 
excitability of the terminals of an imposed potential change on the dorsal root. 
The dorsal root $1 was cut peripherally and mounted on Ag-AgCl electrodes; 
one electrode was at the distal end of the nerve, and the other was placed close 
to, but not touching, the cord. A sine wave of voltage at 1 c/s was impressed 
on these electrodes. A pair of recording electrodes was also placed on this root. 
A stimulating micro-electrode was inserted until it was located in the terminal 
arborization of fibres in the dorsal gray matter by the method described above. 


The excitability of the terminals was measured by recording the size of the — 
antidromic response on the root at all phases of the polarizing sine wave 
voltage, The voltage was increased until it reached threshold for the production 
of action potentials in the dorsal root. At no stage, up to the point where 
impulses were being produced bi>¢he polarizing current, was there any sign of 
a variation of the excitability of the terminal fibres around the stimulating 
micro-electrode. 
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DISCUSSION 


The method of external micro-electrode stimulation is, at present, the only 
practical approach to determine the state of the nerve in its fine terminal 
branches. The method tests the excitability of the part of the fibres close to 
the electrode. The proposition that a variation of the membrane potential is 
accompanied by a change of excitability is always true, but there are some 
exceptions to the reciprocal proposition that a change of excitability is always 
a sign of the variation of the membrane potential. The exceptions include 
cathodal depression ; this is unlikely to be involved in these experiments, since 
no sign of the expected preceding enhancement has been shown. Anodal 
enhancement which arises from an increase of the L fraction of membrane 
potential (Lorente de N6é, 1947) is unlikely to occur here since the fibres are 
circulated and undamaged. Certain substances such as cocaine (Bishop, 1932) 
_ change threshold with little or no change of the membrane potential. Finally 
there are examples, as in the heart muscle (Weidmann, 1955), where the 
resistance of the membrane and the potential across it do not change together, 
so that a greater stimulating current is needed to produce a given voltagechange 
across the membrane, and there is a spurious appearance of an excitability 
change. While it is true that no unequivocal interpretation can be put on an 
excitability change, the common relation between excitability and membrane 


potential has been shown for muscle (Jenerick & Gerard, 1953), peripheral — 


nerve fibres (Lorente de N6, 1947), and for central axons (Rudin & Eisenman, 
1953), For the purposes of the discussion that follows we have assumed that 
the simple relation holds, and it will be seen that this assumption is strengthened 
by showing that the observed current runs in the expected direction if we 
assume that an increase of excitability is a sign of a decrease of membrane 
potential. 

The measurement of the excitability i in the dorsal column fibres is essentially 
in agreement with the work of Eisenman & Rudin (1954), who showed the 
presence of a marked negative after-potential and no positive after-potential. 
It will be noticed that the change in excitability of the group I afferent fibres 
is greatest at their terminals. This might indicate a greater change of membrane 
potential in this part of the axon, in which case there would be an external 


current flow with a sink at the terminal arborization of the active fibres. We | 


have been unable to find any signs of this sink by testing the excitability of 
neighbouring axons. Whether or not this difference has any relation to the 
ventral cord and root potentials and to the motoneurone synaptic potential is 
a matter for conjecture at present and is being further investigated. 

No signs of a generator of the dorsal root potentials were found in the group | 
fibres, Only those fibres ending on dorsal internuncials appeared to play a part 


in the generation of these potentials. We have also failed to find any signs of _ 
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the slow dorsal root potentials when a volley was fired forwards over group I 
fibres. Brooks & Fuortes (1952) found that the dorsal root potentials were of 
essentially the same shape, irrespective of the type of nerve stimulated, but 
the peripheral nerves which they used contain all three groups of sensory fibres, 
and we would presume that the potential they recorded was generated by 
impulses in the smaller fibres. Koketsu (1956) failed to find slow potentials in 


large proprioceptive afferent fibres and did record them from skin nerve fibres. 


Stimulation by a micro-electrode within the cord will produce slow potentials 


on the root only when the electrode is in the dorsal part of the cord (Pitts, 


McCulloch, Wall & Lettvin, 1954). Therefore, it would seem that a number of 
types of experiment suggest that the fibres ending on the dorsal internuncials 
are those responsible for the dorsal root potentials. 

The study of the origin of the dorsal root potentials described by Barron & 
Mathews (1938) has occupied a number of workers, particularly Bonnet & 
Bremer (1938), Eccles & Malcolm (1946), and Lloyd & McIntyre (1949). It is 
now essentially agreed that the positive deflexion (D.R.IVP of Lloyd & 
McIntyre) in the passive root is matched by a negative deflexion (D.R.IV A) 
in the active root. For four reasons it is agreed that this potential is the product 
of activity in the primary afferent neurone: (1) it is of opposite sign in the 
active and passive roots; (2) it has the same reaction of asphyxia in both roots; 
_ (3) the time course in the two roots is probably identical; and (4) impulses over 
different inputs are completely non-occlusive in their production of at least the 
earlier parts of D.R.IV. Lloyd & McIntyre (1949) and Lloyd (1952) therefore 
suggested that D. R. [V was generated by an enduring sink in the terminals of the 
active fibres, which produced reactive source in the distant part of the passive 
fibres, which, in turn, was conducted electrotonically on to the root and recorded 
as a positive potential. In 1954 Hisenman & Rudin, having described the 
_ difference between the root fibres and their extensions into the dorsal column, 
published an extremely sophisticated hypothesis that the D. R. IV was the result 
of current flowing between the column and root fibres as a consequence of their 
different after-potentials. This hypothesis would suggest that a D. R. IV should 
be found in passive group I fibres, but we have been unable to demonstrate 
this. We return therefore to the Lloyd & McIntyre theory of an enduring sink 
in the terminals and have to explain why such a very marked source was seen 
only in the myelinated part of the passive fibres without the predicted signs 
of the accompanying sink at the terminals (Fig. 8). The explanation for this 
discrepancy may depend on the anatomy of the fibre. The frequent branching 
and axonal narrowing which occurs in a terminal arborization means that the 
area of membrane occupied by the advancing nerve impulse will increase. This 
means that as the impulse is slowly dying in the terminals, the source that 
supplies current to these dying impulses will be limited to the parent axon. 


This situation would lead to a diffuse sink in the terminals and a concentrated 
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source in that part of the axon in the white matter from which the terminal 
arbor had sprung. Then the findings shown in Fig. 8 would fit with the sug- 
gestion of a diffuse terminal sink where the current density was too small to 
be detected by this technique and a concentrated source in the white matter 
where the current density was sufficient to hyperpolarize the passive fibres to 
a level of depression detectable by micro-electrode stimulation. 
_ All writers are agreed that the large negative dorsal root potential is not 
generated solely by a change in the active afferent fibres. Both active fibres 
and passive neighbours are reacting in a similar way during this potential. 
There is, however, no agreement as to the nature of the third element involved. 
Barron & Mathews (1938) originally suggested that it might be the accumu- 
lation of potassium about the terminal arbor. Later writers suggested that it 
was caused by the activity of the post-synaptic cells which was assumed to be 
conducted electronically back along the axons which ended on these cells. We 
have shown here that it is not necessary for there to be any action potentials 
in the post-synaptic cells for there to be a slow wave. Therefore it is necessary 
to assume that the largest change which could occur in the post-synaptic 
membrane potential would be not more than 20 mV, since this is about the 
largest local response or synaptic potential recorded within cells by penetrating 
micro-electrodes. The question is then raised if such a disturbance could be 
_ conducted back to the roots in order to generate the measured potential. 
Unfortunately, we do not know the electrical characteristics of the terminal 
fibres in order to calculate the electronic space constant, A. In an orthodromic 
direction and at the motor end-plate, Kuffler (1949) and del Castillo & Katz 
(1954) have shown that polarization of the motor axon close to its ending does — 
not produce a change in the muscle membrane potential. Dun (1956) shows 
reasons for believing that the space constant for electrotonic conduction will 
be very small in a terminal arborization of the type found at the neuromuscular 
junction. The experiments reported above on the dorsal root failed to show 
any effect of polarizing the dorsal root on the excitability of the endings. All — 
these pieces of evidence point toward the extremely poor electrotonic con- 
duction of potential disturbances along the fine fibres of the terminal arbori- — 
zation. If the electrotonic conduction in fact is too small to conduct an event 
on the post-synaptic membrane back to the dorsal root, then the third element 
generating the potential must lie between the fibres, as originally suggested by © 
Barron & Mathews (1938). The extremely close packing of fibres in the neuropil 
and the restriction of the extracellular space—which have been shown by 
electron microscopy (Palay, 1956)—might be related to the — excita- 
bility changes, so evident in the terminal fibres. 

Finally, it seems likely that the dorsal root reflex develops as a result of the 
extremely steep gradient of depolarization which appears along the skin nerve 
fibres. We have never observed signs of this reflex in large proprioceptive 
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fibres. Pitts e¢ al. (1954) showed that the dorsal root reflex could be evoked by 
stimulating afferent fibres within the cord but that stimulation of those 
afferents which ended in the ventral horn, presumably the large proprioceptive 
fibres, did not produce a dorsal root reflex. All this suggests that there is an 
extreme prolongation of the death of the impulse in the endings of some fibres 
with a concomitant depolarization of the neighbouring cells and that the 
impulses which form the dorsal root reflex may not be initiated at the extreme 
ends of these fibres but at the point where the potential gradient is steepest; 
which is probably at the junction of the myelinated and unmyelinated parts 
of the penetrating axon. . 


SUMMARY 


1, A method is described by which the excitability of a group of axons may 
be tested along their course within the spinal cord. The experiments used a 
penetrating stimulating micro-electrode and peripheral recording of the size of 
the antidromic volley originating from around the micro-electrode. 

2. The results show that, after the passage of a single orthodromic volley, 
the excitability changes in the terminal arborization of afferent fibres differ, 
depending upon the nature of the fibre. Large proprioceptive fibre arboriza- 
tions in the ventral horn demonstrate, after the partial refractory period, a 
small increase of excitability lasting about 30 msec. In contrast, skin nerve 
fibre arborizations in the dorsal horn show a very large increase of excitability _ 

lasting well over 100 msec. 7 
8, The excitability changes in active large proprioceptive fibres do not affect 
the excitability of their passive neighbours. Passive neighbours of the skin 
nerve fibres show large excitability changes with a time course similar in its 
later stages to that in the active fibres. : 

4, The changes in both types of fibres do not depend on the presence of 
action potentials in post-synaptic cells. This is shown for the endings on the 
ventral horn cells by the absence of change following antidromic stimulation 
of the ventral roots. For the endings on internuncials it was found that. 
(a) antidromic stimulation of the post-synaptic cells failed to produce any 
changes; (b) barbiturate anaesthesia sufficiently deep to stop all post-synaptic 
discharge did not eliminate the changes in the arborizations; (c) endings on the 
cells of nucleus gracilis showed the same prolonged excitability change, even 
though the after-discharge of these cells is very short. | 

5. The excitability changes in the spinal course of the skin nerve axons are 
closely related to the dorsal root potentials. The positive passive dorsal root 
- potential (D. R. IV) is shown to be due to a strong source located in the mye- 
linated part of the fibres. The pronounced negativity (D.R. V) is shown to be 
caused by a change in the terminal arborization of the fibres. : Reasons are 
- given for believing that this central change is not generated by action potentials 
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or local responses in the post-synaptic cells and may be originating from the 
region of the terminal fibres themselves. 


This work is a continuation of the studies on afferent fibres carried out with Drs Lettvin, 
McCulloch and Pitts. The author wishes to record his thanks for their continued help, criticism 
and interest. The work was supported in part by the U.8. Army (Signal Corps), the U.S. Air Force 
(Office of Scientific Research, Air Research and Development Command), and the U.S. Navy 
(Office of Naval Research); and in part by Bell Telephone Laboratories and Teagle Foundation. 
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STUDIES ON THE INTERNAL pH OF LARGE MUSCLE 
AND NERVE FIBRES 


By P. C. CALDWELL* 
From the Biophysics Department, University College London, and the 
Laboratory of the Marine Biological Association, Plymoutht 


(Received 30 September 1957) 


In a previous paper (Caldwell, 1954) a form of the glass electrode suitable for 
insertion into large muscle and nerve fibres was described, together with an 
account of some determinations with the electrode of the internal pH of the 
leg muscle fibres of the crab Carcinus maenas. In this paper more extensive 
studies of internal pH are presented. These comprise an investigation of the 
internal pH of the leg muscle fibres of C. maenas under a wide variety of 
conditions, and similar but less complete investigations of the internal pH of 
the leg muscle fibres of the crab Maza squinado, and of the giant axon of the 
squid Loligo forbesi. One of the main purposes of these studies has been to - 
find out whether the pH difference between the inside of the fibres and their 
surroundings varies in the manner predicted by the Donnan equilibrium theory 
(Donnan, 1911), according to which the following relationship should hold (at 
20° C) for a membrane permeable to H+ ions: 
(H+ activity in surroundings) 
Internal pH — pH of surroundings = log,,~- 
_ Resting potential (in mV) 

58-17 
(Note that this formulation differs from that given in the previous paper in 
that the resting potential is regarded here as being a negative ey under 
normal conditions.) 

A preliminary account of some of the work described in this paper was given 
_ to the 3rd International Congress of Biochemistry (Caldwell, 1955). 


METHODS 


General. In many respects the methods were the same as those described previously (Caldwell, 
1954). Most of the experiments were carried out with the form of the micro-glass electrode to 
which was attached a 20-30, capillary electrode, This capillary electrode was filled with crab 
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saline (the normal ‘crab Ringer's solution’ of Fatt & Katz, 1953) in experiments with crab 


muscle, and with sea water in experiments with squid nerve. In work with crab muscles the 
flexor and extensor muscles of the carpopodite from specimens of Carcinus maenas and Maia 
squinado were used, the preparations being set up and the electrodes inserted into the fibres in 
the same way as before. A few of the experiments with Maia muscle involved the use of single 
fibre preparations. In work with squid nerve the giant axon of the hindmost stellar nerve of 
Loligo forbesi was used. It was not found necessary to clean from the giant axon the other 
material of the nerve trunk. The technique for the insertion of the electrodes into the axons was 
somewhat different from that used for crab muscle and it is therefore described. 


‘Rig. 1. Experimental arrangement for the insertion of the micro-glass electrode system into a 


squid axon. A, axon; B, cannula; C, cotton thread; D, Perspex stand; HZ, beaker; F, glass 
hook; G@, micro-glass electrode system; H, external Ag-Ag(l electrode. The axon and the 
micro-glass electrode system are drawn on a larger scale than the rest of the figure for clarity. 


Insertion of the electrodes into squid giant axons. The experimental arrangement for this is shown 
in Fig. 1 and is based on the methods used by Hodgkin & Huxley (1945). After dissection the 
nerve (A) was cut near the ganglion and the cannula (B) inserted for a short distance down the cut 
end of the giant axon. The nerve was then secured to the cannula with a short piece of thread and 
tied off at the other end with another piece of thread (C). The thread (C), the nerve and the 
cannula were then inserted through the hole in the top part of the Perspex stand (D) as shown in 
the figure. The nerve was then immersed in sea water in a beaker (#) and the thread (C) was passed 
through the glass hook (F') which was attached to the bottom of the beaker by sealing-wax or 
shellac. The nerve could then be held in an extended position by the application of a small tension 
to the thread (C). The Perspex stand was attached to a Palmer stand with which the whole system 
could be raised and lowered. The micro-glass electrode system (@), which was fixed, was inserted 
through the cannula into the axon by gradual upward movement of the Perspex stand. Care was - 
taken to keep the electrode system in the centre of the axon during the insertion, and this was done 
by adjustment of the position of the nerve by suitable movements of the beaker. The axon could 
easily be viewed from two directions at right angles to each other in order to make sure that the 
electrode system remained at its centre. When it was desired to view the axon from the two 
directions simultaneously, a mirror was placed at a suitable angle behind the beaker. The tip of 


_ the micro-glags electrode was blackened with picien wax, and this greatly facilitated the location 
- of the tip when the electrode was inside the fibre. The curvature of the beaker caused a certain 
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amount of magnification of the preparation and it was normally not found necessary to use a 
microscope for the insertion of the electrode system. | 

The use of the capillary electrode attached to the glass electrode. In the work with squid nerves, and 
in some of the work on crab muscle, the 20-30 » capillary electrode attached to the glass electrode — 
was used to measure resting potentials rather than a Ling & Gerard type electrode filled with 
3m-KCl. In experiments with squid axons the capillary electrode was filled with sea water, andin 
experiments with crab muscle with crab saline, as it was thought that leakage of these solutions 
would not seriously affect the inside of the fibres, whereas leakage of the much more concentrated 
3m-KCl might do so. The use of this electrode was necessary in the work with squid axons on — 
account of the difficulties experienced when attempts were made to introduce a Ling and Gerard 
type electrode into the axons in the manner described previously (Caldwell, 1954) for crab muscle. 
(Difficulties in the use of Ling and Gerard type electrodes.in determinations of the resting potentials 
of cephalopod giant axons have been previously described by Hodgkin & Keynes (19550) in con- 
nexion with work on Sepia axons,) The use of the attached capillary electrode was also necessary 
in experiments both with squid nerve and with crab muscle in which pH changes within the fibres 
were followed while the glass electrode was inside the fibre. In such experiments it was essential 
to have both the glass electrode arid the reference electrode inside the fibre in order to eliminate, 
as far as possible, potential changes resulting from changes in membrane potential rather than 
in pH. A Ling and Gerard electrode could not be used for this purpose for crab muscle on account 
of the ease with which it could be dislodged from the fibre both by contraction of the fibre and 
by the disturbances caused when the bathing fluid was changed. 

Since the tip of the capillary electrode was confined to one point of the muscle or nerve fibre, 
whereas the uninsulated part of the glass electrode (i.e. the pH-sensitive part) occupied an 
appreciable length of it, measurements of any differences of resting potential between these two 
parts of the fibre were necessary. In experiments with squid axons this was done by the with- 
drawal of the electrode system, after it had been inserted, until the tip of the glass electrode was 
in that part of the axon in which the tip of the capillary electrode had been initially. The resting 
potentials, with respect to an external electrode, recorded by the capillary electrode at various 
stages during the withdrawal were noted and hence the mean resting potential of the region of the 
axon finally occupied by the uninsulated part of the glass electrode was obtained. The potential 
reading of the glass electrode with respect to the external electrode was then taken for the pH 
determination, after which the electrode system was withdrawn from the fibre into the bathing 
solution. The potential change of the glass electrode due to the pH difference between the inside 
of the fibre and the bathing solution was obtained by addition of the mean resting potential value 
to the potential change of the glass electrode on withdrawal. (In most cases the resting potential 
was @ negative quantity and was therefore in fact subtracted from the potential change of the 
glass electrode.) In experiments on pH changes in crab muscle, the attached capillary electrode 
was used only as a reference electrode for following the pH changes, the mean resting potential 
of the fibre in the region occupied by the uninsulated part of the glass electrode being determined 
at the beginning and end of each experiment with a Ling and Gerard electrode. 

Since the attached capillary electrodes were filled with.sea water or crab saline instead of 
3m-KCl, the potentials recorded by them were affected more seriously by junction potential effects 
than the potentials recorded by the Ling and Gerard electrodes. In experiments with squid 
axons, where attached capillary electrodes filled with sea water were used in the determination of 
resting potentials, the potentials recorded were corrected for junction potential effects by a method 
which is described in the section devoted to these experiments. 
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RESULTS 
Experiments on the internal pH of the leg muscle fibres of Carcinus maenas 
| various bathing solutions 

In these experiments Carcinus maenas muscle preparations were soaked in a 
variety of solutions of varying pH in order to see how the internal pH of the 
fibres varied with time, and in particular to see if it varied in accordance with 
the predictions of the Donnan theory. The values given for the resting 
potentials are for fibres into which the glass electrode system had been in- 
serted and so are somewhat lower than those for completely undamaged 
fibres. The Ling and Gerard type electrodes used for the resting potential 
measurements were filled with 3m-KCl. In solutions containing 0-6m-KCl the 
interiors of the fibres were often positive with respect to the solution instead 
of negative, and in such cases the resting potential has been indicated in the 

text as being positive. In many cases the pH of the bathing solution in the 
immediate vicinity of the fibres in the absence of vigorous perfusion was 
determined, since this gives a better indication of the pH to which the fibres 
were subjected during the course of the experiment than does the pH of the 
bulk of the solution. In a number of the figures the value for the pH in the 
immediate vicinity of the fibres is indicated, together with the internal pH of 
the fibres calculated from this pH and from the mean value of the resting 
potential by means of the Donnan theory. The pH in the bulk of the solution 
and the internal pH value calculated from it is also indicated on many of the 
figures, 


The reasons for the differences between the pH of the immediate surroundings of the fibres and 
the bulk of the saline are not clear. The pH of the immediate surroundings usually lay between _ 
that of the bulk of the saline and that found for the interior of the fibres and it is possible that 
the pH differences might have been due to the release of buffering material from damaged fibres. 
Another possible reason, in cases in which the pH of the bathing solution was higher than that of 
the interior of the fibres, is that carbon dioxide or lactic acid formed by metabolism was being 
released into the surroundings and lowering the pH. 


Crab saline. The fibres were soaked in the crab saline (normal crab Ringer’s 
solution) used by Fatt & Katz (1953), in order to see whether there was any 
change in internal pH during prolonged soaking in this solution, which approxi- 
mates in composition to crab blood. The results of the experiments are given 
in Fig. 2, which shows the values obtained in pH determinations which were 
carried out on the fibres after various periods of soaking: It will be seen that 
there is no significant change of internal pH during a soaking period of 8 hr. 
It will be noted that the internal pH of the fibres used in these experiments ~ 
was slightly higher than the mean values given in the previous paper (Caldwell, 
1954). The mean resting potential of these fibres was —40 mV (15 determina- 
tions; range —21 to —54 mV). The mean pH of the bulk of the saline was 7-8 
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(2 determinations, 7-7 and 7-9) and the mean pH in the vicinity of the fibres — 
was 7-2 (2 determinations, 7-2 and 7:2). The internal pH calculated from the 
pH of the bulk of the saline by means of the Donnan theory agrees with the 
experimental values, but the internal pH calculated from the pH in the 
vicinity of the fibres does not. The agreement in the first-mentioned instance 
is, however, as has previously been pointed out (Caldwell, 1954), probably 
fortuitous. 

60r 


0 100 200 300 400 500 600 
Time (min) 
saline. In Figs. 2, 3, 5, 7 and 8 A is the mean pH of the saline in the vicinity of the fibres, 
B the internal pH calculated from A and the mean resting potential by means of the Donnan 
theory, C the mean pH of the bulk of the saline and D the irbeenal pt celouiated from 0 and 


ins all the subsequent experiments, in which the fibres were bathed in 
various other solutions, they were first bathed in this crab saline for a short 
period. During this bathing one or two internal pH determinations were 
carried out and the values obtained were taken as the initial values (time =0) 

when graphical plots were made of the changes of the internal pH of the fibres 
with time on transfer to the other solutions. 

Crab saline acidified with sodium hydrogen phthalate. This saline was equivalent 
toa mixture of about 95% of crab saline with 5 % of 0-6m-C,H,(COOH)COONa. 
On being immersed in it the fibres underwent a contracture which passed 
off to a certain extent after a few minutes. pH determinations were carried 
out on the fibres after various periods of soaking and the results are shown 
in Fig. 3. It will be seen that the internal pH drops steadily, reaching 
a value of 6-0 after about 35 min. After about 50 min, when the internal pH 
had fallen to about 5-7, the fibres went into a permanent state of contracture. 
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In this saline the resting potentials of the fibres were low, the mean value 
being —14 mV (9 determinations; range 0 to —26 mV). The mean pH of the 
bulk of the saline was 3:45 (2 determinations, 3-4 and 3-5) and in the im- 
mediate vicinity of the fibres it was about 4-0. It will be seen that the internal 
pH of the fibres decreases towards the value predicted by the Donnan theory, 
but that it is still far from the theoretical range of values when the fibres go 
into a permanent contracture. 


3 


Time (min) | 
Fig. 3. The internal pH of Carcinus maenas muscle fibres after various periods of soaking 
in crab saline acidified with sodium hydrogen phthalate. 


Crab saline acidified by saturation with 100% CO,. The crab saline was 
saturated at one atmosphere with 100% CO, by bubbling this gas through it 
for about an hour with repeated periods of vigorous shaking. On immersion in 
this saline the internal pH of the fibres decreased very rapidly to a value of 
about 6-4, after which it remained fairly steady. The initial rapid decrease in 
pH was observed by replacing the crab saline originally surrounding the fibres 
with the saline saturated with CO, while the glass electrode was in one of the 
fibres, The 20-30 capillary electrode attached to the glass electrode was 
used as the reference electrode and the potential changes which were observed 


_ when the solutions were altered were taken to be entirely due to pH changes. 


That this was so was shown by the determinations of the internal pH of the 
fibre which were carried out at the beginning of the experiment when the 
electrode was inserted from crab saline and at the end when it was withdrawn 
into the saline saturated with CO,. The difference between the two pH values 
obtained in this way showed close agreement with the change obtained from 


> 
4 
a 
i 
B 
a 
— 
s 
6 
a 
j 
30 60 90 120 : 
¥ 
a 
4 
is 
uss 
a 
4 


28 P. C. CALDWELL 


the observation of the potential changes of the internal electrode system. The jf 
pH changes observed in an individual fibre in one of these experiments are _ 
shown in Fig. 4. The results of pH determinations carried out on a number of — 
fibres after varying periods of more prolonged immersion in saline saturated 
with CO, are shown in Fig. 5. Usually, in this saline, the resting potentials of — 
the fibres were low, the mean value being —23 mV (16 determinations; range _ 
—4 to —44 mV). The mean value for the pH of the bulk of the saline was 5:2 _ 
(15 determinations; range 4-9 to 5-5) and the mean value for the pH in the 
immediate vicinity of the fibres was 5-6 (8 determinations; range 5-3 to 6:1). 
In spite of the initial decrease, at no stage during the experiments did the 
internal pH approach the range of values calculated by means of the Donnan _ 
theory. A few determinations were carried out of the internal pH of fibres in _ 
saline saturated with a mixture of 80% CO, and 20% 0O,, nd results very 
similar to those in 100% CO, were obtained. In a single experiment in which 
saline saturated with 100°, CO, surrounding the fibres was replaced by the | 
ordinary crab saline, while the glass electrode was inside one of them, very 
little change from the initial internal pH of 6-3 was observed during the first 
5 min soaking. 

Crab saline acidified with sodium phosphates. This saline was made up of 
95% of crab saline and 5% of sodium phosphates. The sodium phosphate — 
mixture consisted of 10% of 0-4m-Na,HPO, and 90% of 0-6m-NaH,PO,. 
Experiments on the pH changes in an individual fibre during the first 5 min 
of immersion in this saline showed that there is very little change during this 
period. One of these experiments is shown in Fig. 6. In these experiments, as 
in those on the pH changes in individual fibres during the early stages of 
immersion in saline saturated with CO,, the internal pH values obtained when 
the glass electrode was inserted from ordinary crab saline was consistent with — 
the value obtained after the saline had been changed and the electrode was 
withdrawn again. The internal pH values obtained from measurements carried 
out on fibres which had been subjected to more prolonged periods of soaking 
are shown in Fig. 7. It will be seen that there was a slow decrease to a value 
of about 6-5 after which the internal pH remained steady. At no stage did 
the internal pH approach the range of values calculated by means of the 
Donnan theory. The mean value of the resting potential in this saline was 
—30 mV (17 determinations; range —18 to —41 mV). The mean pH of the 
bulk of the saline was 5-6 (5 determinations; range 5-5 to 5-7) and the mean pH 
in the vicinity of the fibres was 5-8 (5 determinations; range 5-7 to 6-0). 

Crab saline made alkaline with sodium tetraborate. This saline was equivalent 
to a mixture of 95% of crab saline and 5% of 0- ‘4m-Na,B,0;. The internal 
pH values obtained for a number of fibres after various periods of soaking in - 
the saline are shown in Fig. 8. This shows that after a very slight initial 
increase to a value of about 7-2 the internal pH remained constant, even after 
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180 240 
| Time (sec) 
Fig. 4. Changes in the internal pH of a Carcinus maenas muscle fibre during the first 300 sec 
soaking in crab saline acidified by saturation with 100% CO,; pH of saline =5:1. 
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rds 5. The internal pH of Carcinus maenas muscle fibres after various periods 0 of soaking 
in crab saline acidified by saturation with weties CO,. 
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considerable periods of soakiig. An experiment in which the changes in the — 
internal pH of a fibre were followed during the first 2 min of soaking indicated 
that there was a slight alkalization of about 0-05 of a pH unit during this 
period. The resting potentials of the fibres were somewhat higher in this saline 
than in most of the others, the mean value being —44 mV (18 determinations; 


120 1 
Time (sec) 
Fig. 6. The internal pH of a Carcinus maenas muscle fibre during the first 300 sec soaking 
in saline acidified with sodium phosphates; pH of saline = 5-7. 
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Fig. q. The internal pH of Carcinus maenas muscle fibres after various periods of soaking 
in crab saline acidified with sodium phosphates. 


range —27 to —60 mV). The mean value of the pH of the bulk of the saline 

was 8:8 (4 determinations; range 8-7 to 9-0) and in the vicinity of the fibres 
the mean pH was 8-6 (5 determinations; range 8-4 to 8-7). It will be seen from 
the figure that, even after a soaking period as longas 18-5 hr, the internal pH 
had not increased to a value within the range of values calculated by means of 
the Donnan theory. 
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Solution containing 0-6m-KCl and 0-0026m-NaHCO,. This solution consisted 
of 0-6m-KCI, to each litre of which 0-218 g of NaHCO, had been added. On 
immersion in this solution the fibres were depolarized and underwent a marked 
contracture. The internal pH values obtained for fibres which had been soaked 
in it for various periods of time are shown in Fig. 9. It will be seen that after 
a slight initial decrease the pH remains constant for several hours. It was not 


65 


Time (min) 


Fig. 8. The internal pH of Carcinus maenas muscle fibres after various periods of 
soaking in crab saline made alkaline with Na,B,0,. 


possible to follow pH changes inside the fibres in the few minutes immediately - 
after the addition of the solution since the contraction of the fibres pulled the 


electrode out of them and in one case broke it. It has, however, been possible 


to do experiments of this sort with squid nerve and with the muscle fibres of 
Maia and these are described below. The resting potential in this solution was 
usually very small and positive, the mean value being +1 mV (13 determina- 
tions; range 0 to +3 mV). The mean pH in the bulk of the solution was 8-1 
(3 determinations; range 7-8 to 8-4) and that in the vicinity of the fibres was 
7-1 (8 determinations; range 6-8 to 7-8). The internal pH calculated from the 
pH in the vicinity of the fibres on the basis of the Donnan theory agrees fairly 
well with the experimental values, but that calculated from the pH of the 
bulk of the solution does not. 7 

Solution containing 0-57m-KCl acidified with sodium phosphates. This 


solution consisted of 95% of 0-6m-KCl and 5% of either 0-6m-NaH,PO, or of 
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a mixture of sodium phosphates (10% of 0-4m-Na,HPO, and 90% of 0-6m- | 
NaH,PO,). When immersed in this solution the fibres underwent a phase of 
contracture which passed off. The internal pH values found for a number of 
fibres which had been subjected to various periods of soaking in the solution 
are shown in Fig. 10. The internal pH decreased only slowly during soaking 
and even after 19-20 hr it was still appreciably higher than the range of 
values calculated by means of the Donnan theory. The mean resting potential — 
of the fibres in this solution was 0 mV (25 determinations; range —4to +4 mV). — 
The mean pH of the bulk of the solution was 5:9 (4 determinations; range — 
5-8 to 6-1) and that in the vicinity of the fibres was 6-0 (4 determinations; — 
range 5-9 to 6-1). : 
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solution containing 0-6m-KCl and 0-0026m-NaHCO,. In Figs. 9-11 A’ is the mean pH of the 
KC! solution in the vicinity of the fibres, B’ the internal pH calculated from A’ and the mean 
resting potential by means of the Donnan theory, C’ the mean pH of the bulk of the 
KCI solution and D’ the internal pH calculated from C’ and the mean resting potential by 
means of the Donnan theory. 


Solution containing 0:57mM-KC1l made alkaline with Na,B,O,. This solution 
was equivalent to a mixture of 95% of 0-6m-KCl and 5% of 0-4m-Na,.B,0,. 
On immersion in it the fibres underwent a phase of contracture which 
passed off after about 2 min. The values found for the internal pH of a 
number of fibres which had been subjected to various periods of immersion 
are shown in Fig. 11. This shows that the internal pH gradually increased 
towards the range of values calculated by means of the Donnan theory. 
It was found that after about 3 hr immersion in this solution the fibres 
began to disintegrate. The mean value of the resting potential was +3 mV 
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Fig. 10. The internal pH of Carcinus maenas muscle fibres after various periods of soaking in a 
0-57m KCl solution acidified with sodium phosphates. | 
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Fig. 11, The internal pH of Carcinus maenas muscle fibres after various periods of soaking in 
0-57-KCl solution made alkaline with Na,B,0;. 
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(20 determinations; range 0 to +6 mV). The mean value of the pH of the bulk 
of the solution was 9-2 (6 determinations; range 9-1 to 9-3) and the pH in the 
vicinity of the fibres was 9-1 (4 determinations; range 9-0 to 9-2). | 

Solution containing 0°3m-K,SO, made alkaline with Na,C,0,. This solution 
was equivalent to a mixture of 95% of 0-316m-K,SO, and 5% of 0-4m- 
Na,B,O,. It was tried since it was thought that the fibre membrane might 
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Fig. 12. The internal pH of Carcinus maenas muscle fibres after various periods of soaking in 4 
0-3m-K,80, solution made alkaline with Na,B,0,. C, mean pH of the bulk of the K,S0, 


solution; D, internal pH calculated from C and the mean resting potential by means of the 
Donnan theory. 


be less permeable to sulphate than to chloride and that the fibres would not 
swell and disintegrate as they had done when depolarized with KCl solution 
containing Na,B,0,. However, they did disintegrate after a few hours soaking. 
The values obtained for a number of fibres after various periods of soaking are 
shown in Fig. 12, and it will be seen that the pH increased towards the range 
of values calculated by means of the Donnan theory in the same way as with 
fibres soaking in KCl made alkaline with Na,B,O,. The mean value of the 
resting potential in this solution was +6 mV (13 determinations; range 0 to 
+13 mV). The mean value for the pH of the bulk of the solution was 9-1 
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(4 determinations; range 8-9 to 9-3) and the mean pH in the vicinity of the 
fibres was close to this value, 
Comparisons of the pH of minced-up Carcinus maenas muscle with the pH of 
the intact fibres. Some determinations were carried out of the pH of minces of 
C. maenas leg muscle, which had been prepared by cutting up the muscles into 
very small pieces with scissors, in order to compare the values obtained with 
those obtained for intact fibres. The muscles were pressed on to filter paper 
before being cut up in order to remove as much of the extracellular fluid as 
possible, since the presence of a large amount of this might affect the pH of the 


1 
(a) The pH of minces prepared by cutting up Carcinus maenas muscle 


Mean pH of the minces (10 determinations) 7-21 
8.E. of mean 0-06 


(b) The pH. of individual fibres of Carcinus maenas muscle and that of the mince obtained 


by cutting up the muscle containing them 
Expt. 1 Expt. 2 
pH of individual fibres 67; 7-0 (mean =6-85) 6-9; 7:3; 7-3 (mean =7-13) 
pH of mince 6-9 7 : 


final mince. In two experiments the internal pH of two or three individual 
fibres was measured before the muscle was cut up. The pH of the mince was 
usually measured within a few minutes of the muscle being cut up, but the pH 
did not show much alteration on keeping for an hour or two. The results of 
these experiments are given in Table 1. It will be seen from Table 1 (a) that 
the mean pH value of the minces, 7-21, is within the range of values normally 
obtained for intact fibres being soaked in crab saline, in particular the range 
of values in Fig. 2. The pH values obtained when determinations were carried 
out on fibres and the mince from the same muscle (Table 1(5)) also show 
satisfactory agreement. It can be concluded therefore that mincing crab 
muscle fibres does not cause any serious alteration of their pH. 


_ Experiments on the internal pH of the muscle fibres of Mata squinado | 

Estimation of the fibre diameter. The spider crab Mara squinado is con- 
siderably larger than Carcinus maenas, and its leg muscles were therefore 
examined to see whether they contained larger fibres. On examination, the 
leg muscles of Maia were in fact found to consist of a structure similar to that 
of Carcinus leg muscle but on a larger scale, the individual fibres being up to 
2 mm in diameter and 3 cm in length. Before experiments were carried out on 
the pH of these fibres, however, it was necessary to obtain further evidence 
that they were single units, since closer examination showed a fine structure 
which suggested that they might consist of a closely packed bundle or a 
syncytium of fibres of much smaller diameter. — 
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The fibre diameter was checked in various ways. In some experiments 
carried out with J. del Castillo, the electrotonic spread method used by Fatt & 
Katz (1953) for certain other crab muscle fibres was used. The membrane 
resistance of crab muscle fibres is low and so the first observations were done 
in potassium-free saline, since the absence of potassium usually increases 
membrane resistances and hence accentuates the electrotonic potentials. In | 
the potassium-free saline, catelectrotonic and anelectrotonic potentials were 
observed over the whole diameter (1-2 mm) of the fibre units, even when 
the recording Ling and Gerard type electrode was 2-3 mm away from the | 
polarizing Ling and Gerard type electrode. These potentials appeared or | 
disappeared simultaneously with the resting potential when the recording 
electrode was inserted or withdrawn. During lateral movement of the re- 
cording electrode, at a fixed distance down a fibre unit from the polarizing 
electrode, there was no marked attenuation of the electrotonic potentials and 
they did not appear to be greatly affected by the internal structure of the fibre 
unit or by the indentations on its surface. No electrotonic potentials were 
observed when the recording electrode was inserted into an adjacent fibre unit. 
The resting potentials in the potassium-free saline, determined with the Ling 
and Gerard type recording electrode which was filled with 3m-KCl, were 
between —80 and —98 mV. When the fibres were transferred to saline con- 
taining the normal amount of potassium, the electrotonic potentials became 
much less marked but were still quite distinct. Some determinations with 
Ling and Gerard electrodes filled with 3m-KCl of the resting potentials in the 
normal crab saline gave a mean value of —66 mV (14 determinations; range 
—53 to —76 mV). 

When Ling and Gerard type electrodes were driven into or pulled out 
laterally through the fibres, they had usually to be moved a distance of a 
millimetre or more before the resting potential disappeared again, indicating — 
that the diameter of the fibres was of this order. In other experiments capillary 
electrodes of varying diameters and usually filled with crab saline were in- 
serted longitudinally down the fibres by the methods used for inserting the 
micro-glass electrode system. It was found that a capillary electrode could be 
moved about quite freely inside a fibre unit without any variation of the 
resting potential recorded until the tip of the electrode was forced through the 
_ side of the fibre, when the potential immediately fell to zero. The results of two | 
sets of experiments, in which the potentials recorded for the same fibre by 
capillary electrodes of varying size filled with an agar gel of crab saline and 
by Ling and Gerard type electrodes filled with crab saline were compared, 
are given in Table 2. Ir. the second set of experiments a capillary electrode 
sealed off at the end but with a lateral hole, as shown in Fig. 13, was used, 
in order to try and make sure that the potentials observed were true 
resting potentials recorded from within the fibre and not surface injury 
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potentials, which might arise if the fibrils forming the fine structure were 


individual fibres and the tip of the electrode pressed on them. It will be seen 
from Table 2 that the potentials recorded by the large capillary electrodes are 
very Close to those recorded with Ling and Gerard type electrodes and it must 
be concluded therefore that the capillary electrodes enter into the same 


Taste 2. Resting potentials of Maia squinado muscle fibres determined with Ling & Gerard 
type electrodes filled with crab saline and with capillary electrodes of varying diameter 
filled with an agar gel of crab saline | 

First set of experiments (means of determinations on six fibres) 


Type of electrode used ... Ling & Gerard Capillary electrode of diameter 

Mean resting potential (mV) ~ 46 45 ~ 
Range (mV) -38to -60 -39to -53 -35to -48 -35to 


Second set of experiments (results for individual fibres) 
9 10 Mean 
Resting potential (mV) determined with: 
(a) Limg& Gerard — -57 -46 -55 -57 -64 -65 -57 -67 -59 
electrode 


(6) Ling & Gerard -46 -46 -55 -46 -47 -47 -56 -55 -46 -49 - 49 
electrode ( -32*) 


electrode of (32%) 


* Values obtained in the more depolarized region of the fibre near the point of entry of th 
capillary electrode. These values were not used in working out the mean values. ; 


b 


Fig. 13. Diagram of the tip of the capillary electrode used in the second set of experiments of 
Table 2. a, lateral hole; 5, agar gel containing crab saline with which the electrode was filled 
(indicated by shaded area); c, fused glass bead at the extreme tip of the electrode. 


structural unit as the Ling and Gerard electrodes. The larger capillary electrodes 
were very much wider than the fibrils forming the fine structure and they 
could not have been inserted into these fibrils. It will be noted that the 
_ insertion of the capillary electrodes usually lowers the resting potential. This, 
together with junction potential effects arising from the use in the electrodes 
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of crab saline instead of 3m-KCl and the slight lowering brought about in the 
dissection and mounting of the fibres for the insertion of the capillary electrodes, 
account for the fact that the potentials in Table 2 are lower than the mean 
value of —66 mV obtained in the experiments mentioned earlier. 

All the observations described in this section suggest that the 1-2 mm fibre 
units are surrounded by a polarized membrane of higher resistance than the 
myoplasm and the saline and hence, from the electrophysiological point of 
view, are single fibres. This conclusion is supported by the further observation 
that, if a small area of one of these fibre units is injured, retraction and clotting 
of the myoplasm gradually spreads from the point of injury throughout the 
entire fibre unit until the whole has gone into a state of disintegration. Ifthe — 
fibre units had been structures consisting of a large number of closely packed 
small fibres, a local injury would have led only to the disintegration of the few 
injured small fibres and not of the whole structure. 

The internal pH of fibres soaking in crab saline. The results of a number of 
determinations of the internal pH of Maia squinado muscle fibres soaking 
in crab saline are given in Table 3. A few of these determinations were made 
_ on single-fibre preparations, Included in this table are values for the pH of the 
blood which surrounds the fibres in vivo, the pH of the bulk of the crab saline 
and the pH of the crab saline in the immediate vicinity of the fibres. The table 
also gives the internal pH values which can be calculated for the fibres by 
means of the Donnan theory from their resting potentials and the various pH 
values for their surroundings. In these and in the subsequent experiments on 
Mara muscle the Ling and Gerard type electrodes used in the resting potential 
determinations were filled with 3m-KCl. (Some of the internal pH values used | 
in Table 3 were obtained in determinations in which the resting potential was 
measured with a 20-30, capillary electrode filled with 3m-KCl). 

It will be seen that the internal pH of the fibres shows no significant change 
as the resting potential declines as a result of injury. It is lower than the pH 
of the blood and of the bulk of the bathing saline, but is close to the pH of the 
bathing saline in the immediate vicinity of the fibres. The internal pH values 
which can be calculated from the pH of the blood and the bulk of the saline 
by means of the Donnan theory are close to the observed values in the case of 
fibres with resting potentials in the region of —30 to —40 mV. The internal 
pH values which can be calculated from the pH of the immediate vicinity of 
the fibres approach the observed values in the case of fibres of very low 
resting potential. All the other calculated values, however, in particular those 
calculated from the pH of the vicinity of the fibres, do not agree with the 
_ observed values and the agreements just mentioned are therefore: probably 
fortuitous. | 3 

The internal pH of fibres soaking in crab saline acidified by saturation with 
100% CO,. In these experiments the crab saline was saturated with 100% 
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CO, at one atmosphere. The changes in the internal pH of an individual Maia 
fibre during the first 5 min after transfer to this saline from the usual crab 
saline are shown in Fig. 14. In this experiment the 20-30 p capillary electrode 
attached to the glass electrode was used as a reference electrode. The change 
in pH was checked by the determination of the internal pH before and after 
immersion in the CO,-containing saline, as was done in the similar experiments 
with Carcinus maenas muscle, and good agreement was found. The results 
of internal pH determinations carried out on Maia fibres after more prolonged 
periods of soaking are shown in Fig. 15. It will be seen that the pattern of 
changes on transfer to this saline is similar to that found with Carcinus muscle. 


TasBLE 3, Values obtained for the internal pH of Maia squinado muscle fibres soaking in 
crab saline and for the pH of their surroundings 


_ Mean pH of blood | 7-61 (8 determinations; 8.2. of mean 
=0-06) 3 
Mean pH of bulk of saline 7-55 (11 determinations; s.z. of mean 
= 0-04) 
Mean pH of saline in the immediate 6-96 (7 determinations; s.z. of mean 
vicinity of the fibres =0-12) : 
pH of fibres 
of internal pH values 
by means of the Donnan theory 
: From the pH 
Range of : : From the _ of the saline in 
resting No. of | 8.E. From the pH of the the immediate 
potential determina- Mean of pH of the bulk of the vicinity of 
(mV) tions pH mean blood crab saline the fibres 
-65 to -—60 9 715 005 64910657 64310651 5-84 to 5-92 
-59 to -50 15 701 002 659t06-75 65310669 5-94 to 6-10 
-49 to -40 10 706 («6-76 to 670 to 6-86 6-11 to 6-27 
~ 39 to 0 5 725 O19 694to761 6 , 


The internal pH undergoes a very rapid decrease from about 7-1 to values in 
the region of 6-2, after which it remains practically constant for periods up to 
3 hr. In spite of the initial sudden decrease, at no stage does the internal pH 
apptoach the range of values calculated by means of the Donnan theory. 
The mean resting potential of fibres soaking in this CO,-containing saline was 
~—35 mV (12 determinations; range — 15 to —50 mV). The mean pH of the bulk 


_ of the saline was 5-1 (12 determinations; range 4-6 to 5-6) and the mean pH in 


the vicinity of the fibres was 5-2 (3 determinations; range 4-9 to 5:5). 
The internal pH of the fibres on immersion in a solution containing 0-6 m-KCI 
and 0-0026M-NaHCO;. The solution used was 0-6 -KCl to each litre of which 


0-218 g of NaHCO, had been added. The main purpose of the experiments was 


to see if any large changes in the internal pH could be detected immediately 
after the fibres had been depolarized by immersion in the solution. In these 
circumstances the fibres pass through a phase of contracture lasting up to a 


~ minute and, if there were marked internal pH changes associated with con- 


traction and relaxation, it should have been possible to detect these with the 
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Fig. 14. Changes in the internal pH of a Maia squinado muscle fibre during the first 300 sec 
soaking in crab saline acidified by saturation with 100% CO,; pH of saline =5-0. 
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Fig. 15. The internal pH of Maia squinado muscle fibres after various periods of soaking in crab _ 
saline acidified by saturation with 100% CO,. A, mean pH of the saline in the vicinity of the 
fibres; B, internal pH calculated from A and the mean resting potential by means of the 
Donnan theory; C, mean pH of the bulk of the saline; D, internal pH calculated from C and ) 
the mean resting potential by means of the Donnan theory. | 
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internal glass electrode system. It was most important for the success of the 
experiments that the resting potential of the fibre in the region of the unin- 
sulated part of the glass electrode and the tip of the capillary electrode should 
be practically constant and that, on depolarization with the KCI solution, the 
membrane in this region should be depolarized evenly by the same amount, 
otherwise potential changes arising from changes in membrane potential as 
well as from pH changes would be picked up by the electrode system. It was 
partly for this reason that experiments of this kind were not done with 
C. maenas muscle, since, in addition to the difficulties encountered in keeping 
the electrode system in the fibres during contraction, it was not easy to get 
a uniform membrane potential distribution over the uninsulated part of the 
glass electrode. With the much larger Maia fibres, however, it was much easier 
both to keep the electrode system in the fibre during contraction and to have 
the membrane potential uniform, to within 3-4 mV, over the region occupied 
by the uningulated part of the glass electrode and for several millimetres on 
either side. 

In the first experiments a complete muscle preparation was used. The glass 
electrode system was inserted into a fibre while the preparation was immersed 
in crab saline and the resting potential of the fibre in the region of the unin- 
sulated part of the glass electrode determined with a Ling and Gerard type 
electrode. The potential change of the glass electrode on being inserted into 
the fibre was also determined so that the internal pH could be obtained. It was 
necessary to keep the fibres isometric in these experiments, otherwise the 
contraction of the fibre often resulted in the glass electrode system being 
pushed out. This was done with a glass rod which was attached at one end to 
a fixed rack and pinion and which tapered to a fine point at the other end. The 
pointed end of the rod was carefully lowered, just in front of the fibres, until 
the tip pressed on the shell to which they were attached at their lower end 
and so prevented them from shortening when they were treated with the KCl 
solution. Next the glass electrode and its attached capillary were connected to 
the recording system and the surrounding saline was removed. Some saline | 
was then squirted over the fibre containing the electrode system to see if any 
artifact was produced. Usually there was no artifact, provided that the 
_ pipette containing this saline was not earthed and it was first brought to the 
potential of the muscle fibres by touching the preparation. After this every- _ 
_ thing was left for 1-2 min in order to test the stability of the electrodes and the 
recording system. Normally no change greater than 1-2 mV occurred during 
such a period. Provided that the electrodes and the recording system were 
found to be stable, the KC! solution was then squirted on the fibre containing 
_ the electrode system in such a way that it was depolarized as instantaneously 
as possible. The pipette containing the KCl was not earthed and it was brought 
to the potential of the fibres before the contents were squirted on them in order 
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to eliminate any possible artifacts. The behaviour of the internal pH in the 
fibre containing the electrode system was followed during and after the depolari- 
zation with KCl solution by watching the meter reading of the récording 


system. This fibre and those in its vicinity usually underwent a contracture ~ 


lasting about 0-5-1 min after treatment with the KCl, followed by relaxation. 
The results of three of these experiments are shown in the top half of Fig. 16. 


Fibres in situ 
68 Expt. 3 
68 Single fibre preparations 
Expt. 1 
70 F 
68 Expt. 2 
70 


Time (sec) | 

F .16. The internal pH of Maia squinado muscle fibres during and after contractures brought 

about by treatment with a solution containing 0-6m-KCl and 0-0026m-NaHCO,. The con- 

_ tractures lasted for about 30-60 sec, after which the fibres relaxed. The pH values given for 


solution. 


Further experiments of the type just described were carried out with single — 
fibre preparations. The technique used was-very similar, the fibre being 


suspended from the bit of apodeme to which it was attached in the same way 
as the other crab muscle preparations were suspended. The fibre was kept 
isometric, however, by means of a length of thread which was attached to the 
bit of shell at the lower end: of the fibre and which passed from the shell to a 
hook at the bottom of the beaker containing the solution in which the prepara- 
tion was immersed. (In this last respect the experimental arrangement was 
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similar to that used for squid axons which is shown in Fig. 1.) In these 
experiments, as in those just described, the glass electrode system was in- 
serted into the fibre while it was in crab saline and the behaviour of the internal 
pH followed during and after treatment with the KCl solution. As before the — 
fibres passed through a phase of contracture lasting about 0-5-1 min. The 
results of three of these experiments are shown in the lower half of Fig. 16. In 
Expts. 2 and 3 of this series, the fibres were completely immersed in the KCl 
_ solution about 5 min after this solution had been squirted over them. Resting — 
potential measurements were carried out to ensure that the fibre had depolarized 
evenly, and finally a pH measurement was carried out, when the glass electrode _ 
was withdrawn, for comparison with the initial pH found when the electrode 
was inserted, and with the small apparent pH changes following treatment 
with KCl. In both experiments the final pH was close to the initial pH. 

It will be seen from Fig. 16 that there is no indication of any significant pH 
' change greater than 0-1 of a pH unit after treatment with KCl. Any apparent 
changes of less than 0-1 of a pH unit are not significant on account of the 
membrane effects already discussed, and of the possibility of slight changes in 
the electrodes and the recording system. In these experiments the resting 
potential dropped on depolarization from between —50 and —60 mV to about 
+10 mV. The change was shown in measurements with both Ling and Gerard 
type electrodes filled with 3m-KCl and with the capillary electrode filled with 
crab saline attached to the glass electrode, the potentials recorded by the 
latter being a few mV more positive than those recorded by the former on 
account of junction potential effects. | | 


Experiments on the internal pH of the giant axon of Loligo forbes 

Correction of the resting potential measurements. In all the experiments with 
squid axons the capillary electrode attached to the glass electrode was used 
for the resting potential determinations. This electrode was filled with sea 
water and, as was mentioned earlier, the potentials recorded by it were there- 
fore more greatly affected by junction potential effects than those recorded by 
electrodes filled with 3m-KCl. In order to reduce the errors introduced by the 
junction potential effects a preliminary experiment was carried out in which 
resting potentials were recorded simultaneously from the various parts of an 
axon by two capillary electrodes, one filled with sea water, the other with 
_ $m-KOl. For this experiment the two electrodes were joined together by 
- means of picien wax, the tip of the electrode filled with sea water extending 


about 1 mm further than that of the electrode filled with 3m-KCl. This double ~ 


electrode was inserted down a squid axon by the method used for the insertion 
of the glass electrode system and the resting potential at various points was 
determined with the two electrodes. A graph was constructed in which the 
values of the resting potentials recorded by the two electrodes were plotted 
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against each other, and in the subsequent work this was used to correct the 


resting potential values obtained with electrodes filled with sea water to the 


values which would have been obtained if they had been filled with 3m-KCl. — 


The correction was found to lead to an increase of about —7 to —10 mV in the 
resting potentials except for very low resting potentials. The differences 
between the junction potential changes of a capillary electrode filled with sea 
water and of an electrode filled with 3m-KCl on transfer from sea water to the 


other bathing solutions used in this set of experiments were also investigated. — 


60 
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Fig. 17. The internal pH and resting potentials in various regions of giant axons from Loligo _ 


forbesi. @, axons soaking in sea water of pH 7-95-8-05; ©, axons soaking in sea water of 
pH 7-40-7-55. D, variation of internal pH with resting potential calculated from the Donnan 


theory for axons soaking in sea water of pH 8-0; Z, variation of internal pH with resting — 


potential calculated from the Donnan theory for axons soaking in sea water of pH 7:5. 


No change was observed in the potential between the two electrodes when they 


were transferred from sea water to sea water saturated with 100% CQ,, but 


the sea water electrode became more positive by about 2 to 3 mV on transfer 
to 0-6m-KCl. A correction of this size, as well as a correction for the junction 
potential between the sea water and the axoplasm, was therefore applied to 
the resting potential measurements which were carried out with this electrode 
on squid axons soaking in 0-6m-KCl. 

The internal pH of axons soaking in sea water. The results of determinations 
carried out in different regions of ten axons are shown in Fig. 17. The values 
have been plotted against the mean resting potentials of the regions of the 
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axons in which the determinations were carried out. It will be seen that the 
internal pH does not show any significant variation with membrane potential. 
The mean pH of the sea water surrounding eight of the axons was 7-98 
(8 determinations; range 7-95 to 8-05). The pH of the immediate surroundings 
of the axons was probably close to that of the bulk of the sea water, since in an 
experiment in which an external micro-glass electrode was pressed close to the 
surface of an axon a decrease in pH of no more than 0-1 of a pH unit was found. 
In experiments with two of the axons the sea water was more acid than usual, 
the pH values being 7-4 and 7-55, and the internal pH values obtained in these 
two cases have been made distinct from the other values in Fig. 17. It will be 
_ seen that the lower external pH did not lead to any significant alteration in the 
internal pH. The relationships between the internal pH and the membrane 
potential predicted by the Donnan theory do not appear to hold. 

Attempts were made to determine the pH of the surroundings of the axons 
in vivo. In two experiments it was possible to draw some viscous fluid from the 
surroundings of the hindmost giant axon just below the stellate ganglion. 
Values of 6-7 and 7-2 were obtained for the pH of this fluid. In some further 
experiments, pieces of the mantle containing at least one giant axon were cut 
out and the glass electrode system was inserted into the immediate surroundings 
of the axén. pH values of 7-1, 7-1, 6-8, 6-8 and 6-9 were obtained for the 
surroundings. All these measurements were carried out as soon as possible 
(within about 15 min) after the animal had been killed by decapitation. It is 
possible that they are not very reliable, however, since many squid tissues, in 
particular the mantle, undergo a rapid deterioration after the death of the 
animal. Determinations were also carried out of the pH of blood taken from 
the hearts of three squids immediately after they had been killed. Values of 
7-4, 7-56 and 7-5 were obtained for the pH of the three samples of blood. 

The internal pH of axons soaking in sea water saturated with 100% CO,. 
The changes in the internal pH of squid axons on immersion in sea water 
saturated with 100% CO, at one atmosphere are shown in Figs. 18 and 19. 
_ It will be seen that the pH drops very rapidly from about 7-1 to about 5-7 and 
thereafter stays constant for 2-3 hr. In the investigation of the initial rapid 
change, shown in Fig. 18, the axons were first soaked in sea water and the pH 
determined in the usual way. The glass electrode and the attached capillary 
electrode were then connected to the recording apparatus and, after checking 
the stability of the system over a period of 1-2 min, the sea water was with- 
drawn and was replaced by sea water which had been saturated with 100% 
CO,. The pH change was followed and when the change was complete the 
electrode system was withdrawn, a pH determination in which an external 
reference electrode was used in the usual way being carried out in the process. 
The internal pH values obtained at the beginning and at the end of this type 
of experiment were found to be in close agreement with the pH change 
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Fig, 18. Changes in the internal pH of a giant axon from Loligo forbesi during the first 300 sec 
soaking in sea water acidified by saturation with 100% CO,. (pH of sea water =4-7.) 
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Fig. 19. The internal pH of giant axons from Loligo forbesi after various periods of soaking in sea 
water acidified by saturation with 100% CO,. C, mean pH of the sea water; D, internal pH 
calculated from C and the mean resting potential by means of the Donnan theory. 


5°5 
A 
bs 
¥ 
- 
60 
{ 
; 
3 74 i 
4 
50 Cc 
4 
55 
= 
a 
~ 
4 
70 
50 100 150 200 
“4 


INTERNAL pH OF MUSCLE AND NERVE 47 


observed. An appreciable depolarization of the axons took place during these 

experiments. In four experiments the resting potential, —51 to —55 mV at the 
start, dropped to —27 to—32 mV in the first 7-15 min. On more prolonged 
soaking further depolarization occurred, values of —10 to —21 mV being 
obtained for the resting potential after between 39 and 183 min soaking. The 
mean pH of the sea water saturated with CO, was 4-98 (5 determinations; 
range 47 to 5-3). In spite of the rapid initial decrease, the internal pH did not 
approach the value calculated by means of the Donnan theory. . 

The internal pH of axons soaking in a solution containing 0-6m-KCl and 

0-0026m-NaHCO,. In these experiments the effects of depolarization of the 
axons on their internal pH were studied. The depolarization was brought 
about by immersion of the axons in a solution containing 0-6m-KCl and 
0-0026m-NaHCO,. The mean pH of this KCl solution was 7-94 (4 determina- 
tions; range 7-9 to 8-0). The technique used for the study of the internal pH 
of the axons immediately after depolarization with the KCI solution was very 
similar to that used for the study of the pH changes which follow immersion in 
sea water containing CO,. The glass electrode system was inserted into the 
axon while it was soaking in sea water and the pH determined in the normal 
way. The glass electrode and the attached capillary electrode were then con- 
nected to the recording apparatus and the sea water was removed. After the 
check of the stability of the electrode and recording systems, the axon was 
immersed in the KCl solution. The effects of this on the internal pH were then 
followed. The results of experiments of this type are shown in Fig. 20 and it 
will be seen that there was no significant change in the internal pH in the first 
5 min following the depolarization caused by the KCl solution. The slight 
apparent changes in internal pH encountered in these experiments could be 
accounted for by slight unevennesses in the extent of depolarization of the 
fibre between the region containing the uninsulated part of the glass electrode 
and the region containing the tip of the attached capillary electrode. The glass 
electrode system was eventually withdrawn into the KCl solution, an internal 
pH determination in which an external reference electrode was used in the 
normal way being carried out in the process. The pH value obtained in this 
determination was in all cases close to the value found initially when the 
axon was in sea water and confirmed the conclusion that the internal pH is 
not significantly affected by depolarization. Some determinations were also 
carried out of the internal pH of axons which had been subjected to more 
prolonged periods of soaking in the KCl solution, and the results of these 
_ determinations are shown in Fig. 21. It will be seen that even over a period of 
90 min the internal pH does not alter significantly. In the series of experiments 
just described, the resting potential changed from an initial value of —47 to 
—58 mV in sea water to —4 to +10 mV on immersion in the KCI solution. 
The more prolonged periods of soaking in the KCI solution resulted in the 
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Fig. 20. The internal pH of giant axons from Loligo forbesi immediately after depolarization with — 
a solution containing 0-6m-KCl and 0-0026m-NaHCO,. The pH values given for zero time are _ 


for the internal pH of the axons ey before treatment with the KCl solution; pH of 
KCl solution =7-9-8-0. 
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Fig. 21. The internal pH of giant axons from Loligo forbes: after various periods of soaking in 
a solution containing 0-6m-KCl and 0-0026m-NaHCO,. C0’, mean pH of the KCI solution; 
D, 
theory. 
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disappearance of the resting potential. The internal pH did not approach the 
value predicted by the Donnan theory. 

The pH of expressed axoplasm. Three experiments were done in which 
determinations were carried out of the pH of samples of axoplasm which had 
been extruded from squid giant axons. In two experiments, in which the 
pH determinations were carried out on axoplasm extruded from axons 5 to 
10 min after their dissection from the animals, values of 7-1 and 7-3 were 
obtained. In the third experiment the determination was carried out on 


axoplasm extruded 30 min after the dissection of the axon and a value of 7:2 _ 


was obtained. These values are close to those obtained in the measurements on 
intact axons and they show that the pH of the axoplasm does not alter 
significantly when it is extruded from the axons. 

The effect of CO, on the pH of an artificial squid axoplasm. A mlation was 
prepared, the composition of which was based on the figures given by Stein- 
bach (1941), Steinbach & Spiegelman (1943), Keynes & Lewis (1951) and 
Koechlin (1954) for the ionic composition of axoplasm from squid giant axons. 
This solution had the following composition (mm): K 390, Na 45, isethionate 230, 
Cl 75, aspartate 65, phosphate 22, glutamate 10, fumarate 10. The pH of the 
solution was adjusted to 6-95, at which pH the concentration of phosphate in 
m-equiv/l. was equal to Koechlin’s figure of 35 m-equiv/l. When the solution was 
saturated with 100% CO, at one atmosphere, the pH decreased to about 5:8 
and remained there in spite of further shaking in the presence of CO,. It will 
be seen, therefore, that the change of pH of the artificial axoplasm in the 
presence of CO, was very similar to that of the axoplasm in the intact axons. 


DISCUSSION 
The results presented in this paper show that the internal pH of the large 
muscle fibres of the crabs Carcinus maenas and Maia squinado, and of the 
giant axon of the squid Loligo forbesi, lies in the region of 7 and that it is not 


related to the external pH in the manner predicted by the Donnan theory. It 


does not respond with great rapidity either to depolarization of the muscle or 
nerve membrane or to changes in the pH of the environment, except when the 


latter are brought about by changes in the pressure of carbon dioxide. — 


Appreciable but slow changes in internal pH are, however, found in some 
instances, in particular in the presence of phthalate and after depolarization 
in the presence of borate. The magnitude of any changes of int--=-! pH in Mava 
fibres during contractures brought about by treatment with KCI solutions 
appears to be less than 0:1 of a pH unit. 

In general these results and conclusions are in agreement with much of the 
previous work carried out by others on internal pH, in which the methods 


used for the pH determinations were more indirect and open to criticisms 
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which do not apply to the glass electrode. Some of this previous work and its 
relation to some of the results presented in this and in a preceding paper 
(Caldwell, 1954) are reviewed at length elsewhere (Caldwell, 1956) and will not 
be considered in detail here. Certain of the more important features of a 
comparison of the present results with the previous work on muscle and nerve 
must however be mentioned. 


_ Asurvey (Caldwell, 1956) of a considerable number of the pH daiedhbelitcial 


which have been carried out on muscle tissue from a wide variety of sources 
has shown that the values obtained for unfatigued muscle lie, with only a few 
exceptions, in the region of 7, although a number of values nearer 6 have been 
obtained for fatigued muscle and for muscle in rigor. pH values in the region 
of 7 have been obtained for unfatigued muscle by methods as different as the 
measurement of the pH of muscle minces and extracts (a method first used by 


Michaelis & Kramsztyk, 1914), the micro-injection or micro-insertion of 
indicators (Schmidtmann, 1924; Chambers, Pollack & Hiller, 1927), CO, mea- 


surements (first used by Fenn, 1928 and Stella, 1929), ammonia measurements 
(Netter, 1934) and the use of very small glass electrodes (Caldwell, 1954, and 
the present paper). The agreement between the present results for crab muscle 
and other work on muscle tissue is therefore, on the whole, satisfactory. A good 
agreement is found if the results obtained for crab muscle by different methods 
are compared. Thus the range of values, 7-01—7-25, obtained for the internal 


pH of Maia leg muscle fibres with the micro-glass electrodes is in good agree- 


ment with the value of 7-08 obtained hy Furusawa & Kerridge (1927) from 
measurements on a mince of Maia muscle with a glass electrode and with the 


value of 7-1-7-4 indicated by the studies of Cowan (1933) on the CO, dissocia-. 


tion curve of the anterior gastric muscles of Maia. Similarly, in the case of 
Carcinus muscle, there is, as Table 1 and Fig. 2 show, good agreement between 
the pH values obtained from intact fibres and those obtained for minces of the 
muscle. 

The number of values in the literature for the pH of nerve is smaller than 
that for muscle, but a survey (Caldwell, 1956) of values obtained by a variety 
of methods has shown that these lie between 6-6 and 7:4. The range of values 
obtained in the present work for the internal pH of squid axons, 6-7-7-3, is in 


satisfactory agreement with this range of values. It must be pointed out, 


however, that the value of 6-6 obtained by Arvanitaki & Chalazonitis (1951, 
1954), for the closely similar giant axon of Sepia by means of the micro- 
injection of indicator solutions, is appreciably lower than most of the values 
obtained for squid axons. As in the case of crab muscle, determinations of the 
internal pH of squid axons by a different procedure have given similar results, 
the values obtained in the present work for the pH of expressed axoplasm 
(7-1-7-3) being, as was pointed out earlier, close to the values for the intact 


axons. Values for the internal pH of squid axons have also been obtained by § 
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measurement of the uptake of 2:4-dinitrophenol (Caldwell, 1957), and these 
have indicated a pH range of 6-6-7-6. 

The finding in the present work that the internal pH of crab muscle and 
squid nerve fibres is not usually easily changed by quite appreciable changes 
in the pH of their environment, unless the latter are brought about by an 
increase in the external CO, tension, is in agreement with the conclusions of 
a number of workers who have worked on the pH of a variety of cells and 
tissues, including muscle and nerve (Hoagland & Davis, 1923; Pantin, 1923; 
Schmidtmann, 1924; Reiss, 1926; Fenn & Cobb, 1934; Wallace & Lowry, 1942; 
Arvanitaki & Chalazonitis, 1954; Hill, 1955). The finding that CO, penetrates 
very rapidly into crab muscle and squid nerve is in agreement with work which 
has been carried out on the rate of carbon dioxide uptake of frog muscle and 
nerve (Fenn, 1928), on the heat production of frog muscle in the presence of 
CO, (Hill, 1928; Stella, 1929) and on the effect of CO, on indicator solutions 
which had been injected into Sepia axons (Arvanitaki & Chalazonitis, 1954), 
all of which supports the idea that CO, penetrates very easily into cells and 
tissues. The finding that the internal pH of crab muscle and squid nerve falls to 
values in the region of 6 in the presence of one atmosphere of CO, is also in 


agreement with previous work on the pH of tissues under high CO, tensions. 


Cowan’s (1933) observations on the CO, dissociation curve of Maia anterior 
gastric muscle extend only to a CO, tension of 441 mm, at which tension the 
pH of the muscle is calculated to be about 6-1. Extrapolation of his results to 
a CO, tension of one atmosphere, however, indicates that the pH would then 
be about 5-9-6-0, a value which is in reasonable agreement with the mean value 
of 6-15 (range 5-85 to 6-6) found in the present work for the internal pH of 
Maia leg muscle exposed to sea water saturated with CO, at one atmosphere. 
The pH of frog muscle exposed to CO, at one atmosphere also falls to a value 
in the region of 6 as is shown by CO, measurements (Hill, 1928; Stella, 1929) 


and by measurements with a large glass electrode (Kerridge, described by - 


Hill, 1928). 

Cowan’s (1933) results for the CO, dissociation curve of Maia nerve indicate 
a pH of about 6 when the external CO, tension is one atmosphere, while Fenn’s 
(1928) results for the CO, content of frog sciatic nerve under 220 mm of CO, 
indicate a pH of 6-3. The studies of Arvanitaki & Chalazonitis (1954), in which 
indicator solutions were injected into Sepia axons, show that the pH of the 


axons falls appreciably when they are exposed to CO,. These results show that — 


the effect of a large increase in the external CO, tension on the pH of frog, crab 
and Sepia nerves is similar to that found for squid axons in the present work 
with micro-glass electrodes, in which it was found that the internal pH of the 
axons fell to about 5-7 when they were exposed to sea water saturated with 
CO, at one atmosphere. 


Some of the work by others, in which pH values for unfatigued muscle 
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appreciably different from those obtained in the present work have been found, 


must now be discussed. In all these cases the pH values have been lower than 


the value of about 7 normally found with micro-glass electrodes for crab 
muscle and squid nerve. Values between 5 and 6 have been obtained in work 
in which certain methods of staining with indicator dyes were used (Rous, 1925; 
Reiss, 1924; Vlés & de Coulon, 1924). The experiments of Rous, in which 
indicators were injected into mice and the tissues subsequently examined, 
have been criticized by Fenn & Maurer (1935) on the grounds that the values 
probably represent values for the extracellular spaces and that the experi- 
mental conditions may have led to lactic acid formation. The results of Reiss 
and of Vlés & de Coulon are open to the objection that they crushed the cells 
of their tissues in order to bring about the penetration of the indicator dyes, 
A number of workers who have injected indicators into cells (e.g. Chambers 
et al. 1927) have reported a pH of 5-6 in the injured regions of the cells, while 
the pH of the uninjured regions was about 7. The values of 5-6 obtained by 
Reiss and by Viés & de Coulon may therefore have been due to the injury 
caused to the cells by their process of crushing. It must, however, be pointed 
out in this connexion that, in the present work with micro-glass electrodes, 
the badly injured and depolarized regions of the muscle and nerve fibres were 
not found to be at a lower pH than the other regions of the fibres. Also it must 
be remembered that the majority of the pH determinations on muscle minces 
and extracts, in which gross damage has been caused to the fibres, have given 
values in the region of 7 rather than 5-6, although in some instances values 
lower than 7 have been obtained if steps were not taken to stop or slow down 
enzyme processes (Michaelis & Kramsztyk, 1914). A lowering of pH asso- 
ciated with injury has, however, usually been observed in work with indicators 
and it has been suggested (Caldwell, 1956) that the colour of these indicators 
in the injured regions of cells may possibly be due to the operation of protein 


_ ot metachromatic errors rather than to a lowering of pH. 


In addition to the pH values between 5 and 6 obtained by Rous, Reiss and 
Vlés & de Coulon, a value of 6 has been obtained by Conway & Fearon (1944) 
for the pH of rabbit leg muscle from CO, measurements. This low value was 
obtained after allowance had been made for the presence in the muscle of 
compounds, other than bicarbonate, which give rise to CO, on treatment with 
acid. Such a correction has not been applied in calculations by other workers 


_of internal pH from CO, measurements and failure to apply it may have given 


rise to errors in the values obtained. It is possible that the errors introduced by 
such compounds may not usually be serious. Thus a calculation carried out by 
Hill (1955) of the internal pH of rabbit abdominal muscle from Conway & 
Fearon’s data gave a value nearer to the usual range of values for muscle, 
namely 6-75, even after allowance had been made for CO, from sources other 


than bicarbonate. Conway (1957), on the other hand, has recently criticized § 


| 
| I 
> 


INTERNAL pH OF MUSCLE AND NERVE 53 


this calculation of Hill’s on the grounds that insufficient allowance was made 
for the extracellular space. Nevertheless, the results which have been 
obtained from CO, measurements on other types of muscle and of nerve (in 
particular those of Cowan on Maza muscle) are, as has already been pointed 
out, in reasonable agreement with the results obtained in the present work 
with micro-glass electrodes and also with most of the earlier work by others 
in which other methods of pH measurement were used. One of the features of 
the present work is, in fact, the finding that the results obtained with the 
micro-glass electrodes corroborate those which have been obtained from CO, 
measurements and show that such measurements can be used with reasonable 
confidence for the determination of the pH of cells and tissues which are too 
small for the insertion of a glass electrode. However, the occurrence of CO,- 
forming compounds other than bicarbonate introduces an uncertainty into 
pH values obtained from CO, measurements and further investigation of these 
compounds and of the errors introduced by them is desirable. 

As was mentioned in the introduction of this paper, one of the main purposes 
of the present studies has been to find out whether the pH difference between 
the inside of muscle and nerve fibres and their surroundings varies in the 
manner predicted by the Donnan equilibrium theory. The relation to be 
expected between the pH difference between the fibres and their surroundings 
and the resting potential across the fibre membranes if this theory holds was 
given in the introduction. The possibility that the Donnan equilibrium may 
determine the difference in hydrogen-ion activity across cell membranes is 
implied in Donnan’s original paper (Donnan, 1911) and has been discussed by 
a number of authors, in particular Boyle & Conway (1941) and Conway & 
Fearon (1944) who have suggested that the difference in hydrogen-ion activity 
across the membrane of muscle fibres is determined by it. In a previous paper 
(Caldwell, 1954) it was shown that the Donnan theory relation given in the 
introduction of the present paper did not appear to hold for Carcinus fibres, 
the resting potentials of which were declining as a result of injury. The results 
given in the present paper, in which Maia muscle and squid nerve have been 
used in addition to Carcinus muscle and in which a far wider range of condi- 
tions has been studied, support the conclusion drawn previously that the 
internal pH of the fibres is not determined by the Donnan equilibrium and 
cannot be predicted from it. Wherever possible the internal pH to be 
expected on the basis of the Donnan theory has been indicated in the figures of 


the present paper and it will be seen that in only a few cases did the observed _ 


internal pH show any signs of approaching the theoretical value. In most of 
the cases in which the theoretical values were approached the conditions to 
which the fibres were exposed were so severe that they show signs of serious 
deterioration. 

. There is considerable doubt as to whether the Donnan equilibrium deter- 
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mines the internal pH of crab muscle fibres even in vivo. Thus in the case of 
Maia fibres some determinations were carried out on fibres,. the resting 
potentials of which were higher than —60 mV, a value not much lower than 
that found for fibres which had not been damaged by the insertion of a micro- 
glass electrode, The mean pH value for the blood circulating round the fibres 
in the animal was 7-61, and that for the bathing saline used during the deter- 
minations 7-55. On the basis of the Donnan theory, therefore, the pH of the 
inside of these fibres should have been about 6-6, whereas the mean value found 
experimentally was 7-15, a deviation from the theoretical of over 0°5 of a 
pH unit. Similarly, in the results for Carcinus muscle given in a previous 
paper (Caldwell, 1954) fibres with resting potentials between —50 and —59 mV 
were found to have a mean internal pH of 6-91 instead of the value of about 
6-5 which would have been expected on the basis of the Donnan theory from 
the values of about 7-5 found for the pH of the blood and the bathing saline. 
It is possible that these discrepancies may in part be artifacts due to an 
alkalization, brought about either by a loss of CO, from the fibres when 
bathed in the bathing saline instead of the blood or else to break-down of the 


phosphagen in the fibres as a result of injury when the micro-glass electrode | — 
system is inserted into them. (Hill, 1955, gives figures which suggest that in’ 


frog and cat muscle a complete break-down of the phosphagen, creatine 
phosphate, may lead to increase of 0-1-0-3 of a pH unit in the fibre pH.) It 
seems unlikely that the fibres should have lost an excess of CQ, in the bathing 
saline, since the pH and bicarbonate content of the latter were similar to 
those of the blood and hence so too, presumably, was the content of dissolved 
CO,. It also seems unlikely that in these particular experiments the injury 
caused to the fibres, while the measurements were actually being carried out, 
could have been serious enough to account for the discrepancies found between 
the results and the Donnan theory. Thus, in the experiments on Maia muscle, 


the fibres would still contract after insertion of the glass electrode system if — 


treated with 0-6m-KCl and in a fair proportion of the measurements the 
resting potentials were only a little lower than the mean value of —66 mV 
found for fibres into which the glass electrode system had not been inserted. 

In the case of squid axons it is not easy to decide whether the Donnan 
equilibrium may determine the internal pH of the axons in vivo on account of 


the difficulty of obtaining reliable values for the pH of the immediate sur- 


roundings of the axons when in the animals. If the values between 6-7 and 
7-2 obtained in the present work for the immediate surroundings are reliable, 
the Donnan equilibrium would not be determining the internal pH of the 
axons, since the internal pH of axons with resting potentials of about —60 mV 
would, on the basis of the Donnan theory, be in the region of 6 instead of in 


the region of 7-1 as found experimentally. It is in fact quite likely that the 
surroundings of the axons im vivo are at an appreciably lower pH than the . 
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sea-water value of about 8, since this is indicated by the values of 7-4~7-5 
obtained for squid blood as well as by the values obtained in the attempts to 
measure the pH of the surroundings directly. In sea water of pH 8 the Donnan 
theory predicts the internal pH of about 7-1 found in regions of the axons where 
the resting potential is -50 to —60 mV. This agreement is, however, probably 
not significant since the internal pH of regions of similar resting potential in 
axons soaking in sea water of pH 7-4~7-55 is predicted to be about. 6-5, in 
contrast to the experimental values which are in the region of 7. Furthermore, 
the theory predicts, for axons soaking in sea water of pH 8, internal pH values 
higher than 7-1 for regions where the resting potential is lower than —50 mV. 
The increase in internal pH with declining resting potential required by the 
theory is not, however, observed in the depolarized regions of the axons, the 
internal pH if anything showing a tendency to decrease rather than to increase 
with increasing depolarization. 

It seems therefore that the Donnan equilibrium is not the only, or by any 
means the most important, factor which determines the internal pH of crab 
muscle and squid nerve, and theories about the functioning of muscle and 


nerve which assume that it is are probably incorrect. Thus the connexion 
between metabolic activity and the external potassium ion concentration or 


the resting potential, often observed in cells and tissues, is not likely to be due 


to the mechanism proposed by Caldwell & Harris (1952), which involves 


changes in internal pH brought about by the Donnan equilibrium, but to some 
other mechanism. In fact it now seems likely that some of the effects of 


potassium on metabolic activity may be connected with the effects of this ion 


on the processes responsible for the active extrusion of sodium, with which 
processes it is probably linked (Hodgkin & Keynes, 1955a; Keynes, 1954; 


Keynes & Maisel, 1954). 


In the presence of CO, the internal pH of crab muscle and squid nerve has 
been found to decrease by a certain amount and then to remain constant 
instead of decreasing further to the value calculated from the pH of the sur- 
roundings by means of the Donnan theory. This can be explained if it is 
assumed that the fibre membranes, while being very permeable to CQ,, are 
relatively impermeable to bicarbonate ions, a conclysion which has been 
reached by Wallace & Hastings (1942) and by Wallace & Lowry (1942) for cat 
and rat muscle as a result of internal pH studies based on CO, measurements. 


It seems likely that, on immersion in saline containing carbon dioxide, the 


CO, diffuses rapidly through the fibre membranes, and the increased internal 
carbonic acid concentration results in the combination of some of the anions 
of the internal buffers with hydrogen ions, with the consequent formation of 
bicarbonate ions. This process continues until the internal carbonic acid- 
bicarbonate buffer system reaches equilibrium with the other internal buffer 
systems, Then, since the bicarbonate does not escape from the fibres at an 
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appreciable rate, the pH, which is governed by the internal concentrations of 
carbonic acid and bicarbonate, remains constant even though the surroundings 
are at a lower pH on account of a lower bicarbonate concentration. It is 
probable that the internal carbon dioxide-bicarbonate buffer system, rather 
than the Donnan equilibrium, is the main factor governing the internal pH 
of muscle and nerve fibres in vivo, the internal pH being sensitive to the CO, 
tension of the immediate surroundings. 


Bicarbonate therefore does not appear to pass across the fibre membranes 


very easily. It is not possible to decide with any degree of certainty how easily 
hydrogen and hydroxyl ions can cross the membranes, since their concentra- 
tion is very low and their passage across the membranes can very easily be 
masked by the passage of other substances which can bring about changes in 
pH (e.g. weak acids and bases and their ions). The fact that under a variety of 
_ conditions the internal pH changes very little, even though the external pH is 
very different, suggests that the number of hydrogen and hydroxy] ions passing 
across the membranes must be small. This does not necessarily mean that the 
ease with which individual hydrogen or hydroxyl ions can penetrate the 
membranes is very much less than the ease with which potassium and sodium 
ions can penetrate, because muscle and nerve have a considerable buffering 


capacity. To take a specific example, consider a squid axon, 500 in diameter © 
and of internal pH 7-0, exposed to an external pH of 6-0 instead of the more | 
usual sea water pH of 8-0. An indication of the buffering in the axon is given — 
by the finding that the internal pH changed from 7-1 to 5:7 when axons were © 


transferred from sea water in equilibrium with the CO, in air to sea water 
saturated with CO,. Calculations by means of the Henderson-Hasselbalch 
equation suggest that roughly 10-* moles of hydrogen ions would have to pass 
into a volume of axoplasm of 1-25 x 10-* cm® across the 1 cm? of membrane 
surrounding it, in order to decrease the pH by 0-1 of a pH unit. Shanes & 
Berman (1955) give a figure of 42 x10- mole/cm?/sec for the influx of 
potassium across the membrane of the giant axon of the squid Loligo pealii. 


_ If the ease with which hydrogen ions penetrate through the membranes of | 


squid axons were similar to that for potassium ions, the actual influx of 
hydrogen ion for an external pH of 6-0 would be about 6 x 10- of that for 


potassium, i.e. 10-% mole/cm?*/sec, since under these conditions the 
external hydrogen-ion concentration (10-*m) would be about 6x 10- of the — 


external potassium concentration (1-7 x 10-*m) used by Shanes & Berman. 
Hence the time needed for 10-* mole of hydrogen ion to penetrate through 
1 cm? of membrane in order to decrease the pH of the 1-25 x 10-* cm? of 
axoplasm by 0-1 of a pH unit would be 4 x 10° sec or about 6-6 weeks. Even if 
the hydrogen ions penetrated the membrane 100 times more easily than 


potassium, it would take about 11 hr for the pH of the axoplasm to — 
by 0-1 of a pH unit. | 
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Thus it will be seen that although individual hydrogen and hydroxyl ions 
may be able to penetrate the fibre membranes with greater ease than other 
ions, it might take a very considerable time for the internal pH to change to the 
value required by the Donnan theory after a change in the external pH. 
(A conclusion similar to this has recently been reached independently by 
Conway (1957) for pH changes in frog muscle.) If the Donnan equilibrium is 
to determine the internal pH, it is essential that the latter should change as 
a result of the penetration of the membrane by hydrogen ions, by hydroxyl 
ions or by both the dissociated and undissociated forms of a weak acid or base 
(e.g. penetration by both bicarbonate ions and CO,, but not by CO, alone). The 
failure in the present work to find a relationship of the Donnan type between 
the resting potentials and the pH differences across the fibre membranes may 
therefore be largely due to the internal buffering of the fibres as well as to the 
impermeability of the membranes to bicarbonate ions. 

The only situation in which the hydrogen and hydroxy] ions should have had 
time to equilibrate across the fibre membranes occurs in vivo, where the fibres 
have been exposed to surroundings of a reasonably constant pH for a very | 
long period. However, for crab muscle fibres and possibly for squid axons the 
pH difference across the fibre membrane in these circumstances, although in 
the direction required by the Donnan theory, is, as has already been pointed 
out, 0-3-0-5 of a pH unit smaller than the theoretical value. Although this 
discrepancy may be partly due to the effects of injury to the fibres during the 
measurements, it suggests that in vivo the pH of the fibres may be maintained 
at a value higher than that required by the Donnan theory by some process 
which leads to the extrusion of hydrogen ions from them at the expense of 
metabolic energy. Such a process has already been discussed for frog muscle 
(Fenn & Cobb, 1934; Fenn & Mauer, 1935; Hill, 1955), and is well known in 
certain other types of cell and tissue, notably gastric mucosa, It does not 
present quite the same difficulties as are presented by the extrusion of sodium, 
since a variety of schemes for the process can be devised (see, for example, 
Crane, Davies & Longmuir, 1948; Patterson & Stetten, 1949; Davies & Ogston, 
1950; Davies & Krebs, 1952, and Conway, 1953), and the electrochemical 
gradient for hydrogen ions is, in the case of muscle and nerve, very much less 
adverse than that for sodium ions. : | 

It appears, therefore, in the light of the results presented in this paper and 
of the above discussion, that it can be concluded that in vivo the internal pH 


_ of crab muscle and squid nerve is regulated by the external CO, tension, which 


affects the internal CO,-bicarbonate buffer system, and possibly by a process 
which leads to some active extrusion of hydrogen ions. The Donnan equilibrium 
does not seem to be an important factor in the regulation of the internal pH. 

The experiments on Maia muscle, in which no changes greater than O-1 of 
a pH unit were found in the internal pH during contractures induced with 
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0-6m-KCl, are not necessarily at variance with certain other work on pH 
changes in muscle during contraction, in particular that on the CO, uptake and 
release of muscle (Lipmann & Meyerhof, 1930; Meyerhof, Mohle & Schulz, | 
1932; Hill, 1940) and that on the pH changes detected with a glass electrode at 
the surface of muscle during activity (Dubuisson, 1937, 1939, 1950). In both 
the latter types of experiment phases of alkalization and acidification were 
detected. The pH changes detected by Dubuisson and the probable pH changes 
corresponding to the CO, changes (Hill, 1955) were, however, of the order of 
0-1 of a pH unit. Since in the present experiments on Maza it was not possible 
to detect internal pH changes of less than about 0-1 of a pH unit on account of 
- interference from changes in the membrane potential, it is perhaps not sur- 
prising that no significant changes in internal pH were observed during the 
KCl-induced contractures. This result does not therefore conflict with the 
other work on the pH changes in muscle. It shows, however, that mechanisms 
for muscular contraction which involve large changes in internal pH, such as 
that suggested by the experiments of Goodall & Szent-Gyorgyi (1953), are not 
likely to be correct. | 

Finally the reliability of the pH measurements presented in this paper must 
be considered. The reliability of any electrometric method of pH determination 
depends on two factors, namely that the potential changes of the measuring 
electrode should be affected only by changes in the hydrogen-ion activity and 
that the potential changes at the reference electrode due to changes in junction 
potential and to other causes should be as small as possible. The potential of 
the glass electrode, so far as is known, is sensitive only to the hydrogen-ion 
activity in the pH range 0-9 (Dole, 1941). Some results of Danielli (1941), and 
also some results presented in the previous paper (Caldwell, 1954), suggest 
that it is not subject to the protein errors which affect indicators. Danielli’s 
results indicate that the glass electrode measures the pH of the bulk phase of 
protein solutions under conditions in which certain indicators are held at the 
protein surfaces and measure the pH there. It is possible that the pH recorded 
by the glass electrode for muscle and nerve fibres would be of doubtful 
significance if these contained regions of widely differing pH. This possibility is 
not very likely, however, at least for muscle fibres, since there are reasons for 
believing that the pH in these is fairly uniform (Caldwell, 1956). The reliability 
of the absolute pH values given by the glass electrode depends ultimately on 
the pH standards used, and details of those used in the present work were given 
in the previous paper (Caldwell, 1954). Most of the conclusions drawn in the 
present paper refer, however, to pH differences and not to absolute pH values 
and they would not be affected by small errors in the pH standards. It should 
perhaps be pointed out here that, since the glass electrode is sensitive to 
hydrogen-ion activities and not hydrogen-ion concentrations, the discrepancies 
observed in the present work between the internal hydrogen-ion activities and 
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pH values predicted by the Donnan equilibrium and those obtained experi- 
mentally cannot be ascribed to the differences between activities and 
concentrations. 

Junction potential changes at the reference electrodes have been eliminated 
as far as possible, either by filling these electrodes with 3m-KCl or by correcting 
the readings to the value which would have been obtained if they had been 
filled with 3mM-KCl. Estimates of the maximum junction potential changes 


_ were made by means of the equation of Henderson (1907). These suggest a 


change in potential of about —2-9 mV when an electrode filled with 3m-KCl is 
transferred from a m/15 sodium phosphate-potassium phosphate standard 
buffer of pH 6-98 to crab saline or sea water and a change in potential of +4-1 
to +8-5 mV when such an electrode is transferred from crab saline or sea water 


_ to the muscle or nerve fibres, the myoplasm or axoplasm being assumed to 


consist of a 0-1-0-6 m solution of the potassium salt of a completely immobile 
anion (cf. Hodgkin & Huxley, 1945). The potential of the glass electrode 
changes 5-6 mV for a pH change of 0-1 of a pH unit. The maximum error 
likely to be introduced into the pH determinations by junction potential 
changes (i.e. about 8-5 mV) is equivalent therefore to an increase in the. 
internal pH of no more than 0-14-0-17 of a pH unit and the actual errors are 
probably less than half this (Caldwell, unpublished). | 

A further possible source of error exists in the pH determinations on crab 
muscle, where Ling & Gerard type electrodes filled with 3m-KCl were used. 
This arises from the fact that the 0-5-1-0 tips of these electrodes sometimes 
show a tendency to become selectively permeable towards cations (see, for 
example, del Castillo & Katz, 1955; Adrian, 1956) and as a result to give much 


larger potential changes on transfer from one solution to another than do 


wider-bore (20-30) capillary electrodes filled with 3m-KCl, the potential 


changes of which are due only to the ordinary changes in junction potential. 


This ‘tip potential’ could give rise to quite serious errors in the pH and resting 
potential determinations. Whenever Ling & Gerard type electrodes were used 
in the present work, the resting potential at a given point in the muscle fibres — 
was always determined with both the Ling & Gerard electrode and with the 
20-80 capillary electrode filled with crab saline which was attached to the 
micro-glass electrode. With fibres which had not been depolarized the potential 
recorded by the Ling & Gerard:electrode was usually —4 to —17 mV greater 
(i.e. more negative) than that recorded by the electrode filled with crab saline. 
(With fibres which had been depolarized with KCl or K,SO, the difference 
between the two potential values was much smaller.) Some experiments in 
which the resting potential values at the same point in some Carcinus fibres 
were obtained with a 20-30, capillary electrode filled with 3m-KCl and a — 
20-304 capillary electrode filled with crab saline showed that this difference 
of — 4 to —17 mV could be attributed to junction potential effects, since the 


| 
¢ 5 
yt 
4 
3 
ag 


60 P.C. CALDWELL — 


resting potentials recorded by the 20-30 capillary electrode filled with 
3m-KCl were larger than those recorded by the capillary electrode filled with 
crab saline by —6 to —12 mV. It was assumed therefore that the potential 
changes at the tips of the Ling & Gerard electrodes used in this work were due 
chiefly to junction potential changes and that” tip potentials’ were not intro- 
ducing any serious errors. 

It should be noted that ‘tip potentials’ and junction potential changes 
introduce errors into the values for the resting potentials which are equivalent 
to those introduced into the pH values. The effects of ‘tip potentials’ and 
junction potential changes do not account therefore for any of the dis- 
crepancies between the observed pH differences across the fibre membranes 
and those calculated from the resting — by means of the Donnan 
theory. 

SUMMARY 

1. The pH inside the muscle fibres of the crabs Carcinus maenas and Maia 
squinado and in the giant axon of the squid Loligo forbes: has been studied with 
micro-glass electrodes. It is normally near 7. 

2. On immersion in saline or sea water saturated with carbon dioxide the 


pH of the muscle and nerve fibres dropped rapidly to values in the region of 6, 


but in the other bathing solutions used it changed more eowry usually my 
a much smaller amount. 

3. The results of an investigation of the pH changes in Maia muscle during 
- contractures induced by depolarization with 0-6mM-KCl suggest that the 
magnitude of the pH changes occurring in muscle during contraction is less 


than 0-1 of a pH unit. Similarly, any pH changes in squid axons following a 


depolarization with 0-6m-KCl are less than 0-1 of a pH unit. 

4. The results show that the internal pH of crab muscle and squid nerve 
does not appear to be regulated by the Donnan equilibrium. This may be 
largely due to the internal buffering of the fibres and to the impermeability of 
the fibre membranes to bicarbonate ions. In vivo the internal pH is probably 
regulated by the internal carbon dioxide-bicarbonate buffer system, which is 
sensitive to the external carbon dioxide tension, and possibly also uy @ process 
which leads to the active extrusion of hydrogen ions. 


I wish to thank Professor A. L. Hodgkin, Professor A. V. Hill, Professor B. Katz, the Staff of 
the Biophysics Department, University College London, and the Director and Staff of the 
Plymouth Laboratory for various forms of assistance and for their interest in this work. Part of 


the work was carried out during the tenure of an Imperial Chemical Industries Research 
Fellowship. 
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_ OF HUMAN BLOOD 
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The complete dissociation curve of carboxyhaemoglobin has not been studied 
since Douglas, Haldane & Haldane published their classic paper on the subject 


in 1912, Their results comprised four COHb dissociation curves on the blood 


of Douglas at CO, pressures of 0, 19, 42 and 79 mm Hg, respectively, and a ~ 
single curve on Haldane’s blood in the absence of CO,. The CO content of the 
blood was estimated by a colorimetric method; the concentration of CO in the 
tonometer at equilibrium was not measured directly but was calculated from 
the amount introduced volumetrically before equilibration, corrected for the 
amount absorbed by the blood. In view of the small number of experiments 
performed and the limitations of the methods then available, it seemed 
desirable to repeat the investigation of Douglas et al. (1912), using the more 
accurate and convenient methods available at the present time. COHb dis- 
sociation curves have therefore been determined in the absence of oxygen, at 
three different CO, pressures, for the blood of three normal subjects. These 
curves have been compared with the corresponding 0,Hb curves. 


METHODS 


For each experiment 20-25 ml. of venous blood was freshly drawn into a syringe, the dead space 
of which was filled with heparin solution. . 

Deoxygenation of the blood. Before determining the carboxyhaemoglobin dissociation curves, 
the blood was deoxygenated as completely as possible, to exclude the effect of any residual 


-oxyhaemoglobin on the uptake of carbon monoxide. 17 ml. of the blood was introduced into a 


410 ml. tonometer which was evacuated to a pressure of iy mm Hg. Further lowering of the 


pressure was found to cause boiling of the blood and undue haemo tion. Nitrogen was 
then admitted to the tonometer to restore the pressure to iiasihaas This was followed by — 
a second evacuation and restoration of the pressure with nitrogen, after which the tonometer 
was rotated for § min in a water-bath at 37° C. The whole cycle was repeated four times making 
‘a total of eight evacuations and four 5 min periods of equilibration with nitrogen at 37°C. The — 


* Present address: Department of Physiology, The Middlesex Hospital 
London, W. 1. 
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residual oxygen content was then 0-1-0-3 ml./100 ml., which was comparable with that of residual 
carbon monoxide when the blood was similarly treated before determining the oxyhaemoglobin 
dissociation curves. 

Gas mixtures and equilibration of the blood samples. 1-5 ml. of blood was used for the determina- 
tion of each point on the dissociation curves. The appropriate gas mixtures of CO and N,, or 0, 
and N,, were made up manometrically in 410 ml. tonometers from cylinders of these gases, 
sufficient CO, being added to bring the pCO, to 15, 40 or 70 mm Hg, as required. The use of 
a cylinder of 0:5% CO in N, instead of pure CO permitted more accurate measurement of the very 
small quantities of CO required. The N, used for the COHb experiments was of a high degree of 
purity, containing less than 1 part in 10,000 of O,. For the determination of the 0, and CO 
capacities the tonometers were made up to contain 21-23% O, in Ng, or 0-5% CO in Ng, plus the 
pCO, appropriate to the curve being determined. 1-5 ml. of the deoxygenated blood was then 
added to each tonometer which was rotated at 37° C in the water-bath. The inside of the bath was 
painted black and the top covered with a board to exclude the light during equilibration with CO. 

Equilibration of the blood with 0, was completed in 20-30 min, but 2~4 hr were required for 
equilibration with CO, the longer period being particularly necessary at the higher saturations. 
Since the CO capacity measured after equilibration for 90 min at 37° C was identical with that 
after equilibration for 4 hr, we felt justified in assuming that the absence of O, in the tonometer 
obviated any conversion of haemoglobin to methaemoglobin. After equilibration each tonometer 
was placed upright in the water-bath to allow the blood to drain. It was then removed from the 
bath and the blood taken without delay into a syringe, which was rotated in a mixture of ice and 
water while awaiting analysis. A gas sample was also taken into a Brodie bottle for CO, and O, 
analysis with the Scholander micro- Bas analyser (Scholander, 1944). If a COHb curve was being 
determined the remaining gas was i diately“analysed for CO. The tonometer was not allowed 
to cool before this analysis since the affinity of blood for CO is increased by a fall in temperature. 
Even though only 0-2-0-3 ml. of blood remained in the tonometer the CO percentage in the tono- 
meter was so low that it was found to be appreciably reduced by the further uptake of CO if 
cooling was allowed to occur. 

CO analysis. The tonometer gases were displaced by meroury through tubes containing soda 
asbestos and magnesium perchlorate, which removed CO, and water vapour, respectively. The 
observed CO percentages were subsequently corrected for the changes in volume resulting from 
the absorption of CO, and water vapour. The gases were then passed through an infra-red CO 
analyser (Infra-red Development Company, Type S.C.L.). The instrument was calibrated before 
use with a series of five standard CO mixtures and was also checked before and after the analysis 
of each tonometer. With these precautions the accuracy was +0-0003% of CO. 

Blood analysis. The blood was analysed for 0, and CO by the Roughton-Scholander syringe 
methods (Roughton & Scholander, 1943; Scholander & Roughton, 15 1943). The analysis. was 
generally carried out within 10-15 min of withdrawing the blood from the tonometer. Several 
small modifications were introduced which increased the accuracy of the analysis to +0-15 ml./ 
- 100ml. These included (i) preliminary deoxygenation of the reagents by evacuation and subsequent 

equilibration with nitrogen, which reduced the blank for the O, determination from 0-9—1-2 ml./ 

100 ml. to 0-1-0-2 ml./100 ml. and (ii) warming the sampling pipette before taking up the blood, 
thus ensuring more uniform and complete drainage. The same syringe and sampling pipette were 
used throughout the whole series of experiments, and the quantities of reagents used for each 
analysis were kept as constant as possible. The over-all improvement was such that duplicate 
determinations of CO or 0, capacity, using two blood samples equilibrated in separate tonometers, 
were nearly always within 0-2 ml./100 ml. of one another. 

_ with a capacity of 0-1 ml. (Joels & MacNaughton, 1957) in conjunction with a Cambridge pH meter. 

_ The haematocrit was measured byspinning the blood in Wintrobetubes for 30min at 4000rev/min. 
_ The specific gravity of the whole blood was estimated by the ‘gai sulphate drop method 

(Phillips, Van Hamilton, Dole, Emerson & 1950 
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The degree of haemolysis was also measured in a few experiments by spectrophotometric 
estimation of the haemoglobin content of the plasma. These last three measurements gave an 
indication of the degree of drying and red cell damage due to the repeated evacuation and prolonged 
equilibration. In general the haematocrit value rose by 1-2% and the specific gravity of the blood 
increased by 0-002 (e.g. from 1-060 to 1-062). The degres of haemolysis never represented more than 
5% of the red corpuscles and was often much less. These changes were not excessive in view of the 
procedures to which the blood was subjected. 


Correction of the observed results 
Oxyhaemoglobin dissociation curves 

The O,Hb dissociation curves have been corrected (i) for dissolved O,, (ii) for the presence of 
residual COHb, (iii) for haematocrit variations, and (iv) to bring the curves for all three subjects 
at each pCO, to the same plasma pH. 

Dissolved O,. This was calculated from the pO, of the gas in the tonometer and the solubility 
coefficient of O, in blood, given by Sendroy, Dillon & Van Slyke(1934) as 0-0031 ml./100 ml./mm pO, 
at 37° C, The result was subtracted from the 0, content of the blood sample. 

Residual COHDb. The equilibrated blood samples of J.A., a moderately heavy smoker, were 2-4% 
saturated with COHb, and even though G.P. and N.J. were non-smokers their equilibrated samples 
also were between 0-5 and 1-5% saturated with COHb. The effect of this COHb on the O,Hb 
dissociation curve was corrected for as described by Roughton & Darling (1944). The method is 
based on the following assumptions formulated by Douglas et al. (1912): 


(a) that when blood is equilibrated with a mixture of O, and CO at pressures sufficient to cause all 
the haemoglobin to combine with O, and CO, the partition of the haemoglobin between COHb and 


bby: the where representa the relative afllaition of 
2 
haemoglobin for CO and for 0,; 


_ (b) that the haemoglobin combined with gas is partitioned between COHb and 0,Hb according to 
the above equation even when reduced haemoglobin is present in appreciable quantities; and 

(c) that the amount of reduced haemoglobin present after equilibration with a mixture of O, at 
a partial pressure pO, and CO at a partial pressure pCO, is the same as it would be in the absence 
of CO if the partial pressure of O, were pO, + MpCO. 

The éaleulation can best be illustrated by working through a typical example. Suppose analysis 
0! @ blood sample shows (0,Hb) =41-0%, (COHb) =1:3% and (Reduced Hb) =57-:7%, and the 
corresponding gas analysis gives a pO, of 22-8 mm Hg. We wish to find x, the partial pressure of 
0,, which would be in equilibrium with the blood when the (Reduced Hb) =57-7% and the 
remainder of the haemoglobin is all present as O,Hb. 


From assumption (c), 2=p0, + MpC0 =p0, (1 
MpCO (COHb) 13. 

but from (a) =(0,Hb) 41-0" 

therefore x=pO0, (1 = 22:8 (1 = 25-1 mm Hg. 


‘Thus the corrected values for this point would be 
(O,Hb) =42-°3%, pO,= 25-1 mm Hg. 

Haemocrit variations. Since the error inreading the haematocrit (+ 0-5 %) isrelatively greater than 
_ that of the blood gas analysis (4-0-1 ml./100 ml.), corrections were only applied when the haemocrit 
differed by more than 1 %, from the mean haematocrit for that particular experiment. The true per- 

mean haematocrit 

centage saturation was obtained from the observed percentage saturation x = ay eo 

pH correction. The pH values of the individual samples were rarely more than 0-08 pH unit 
from the mean for any particular experiment, and the mean pH values for the three subjects were 
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very similar at each pCO,. However, the mean pH value for the OOHb curves was always lower 


than that for the corresponding O,Hb curves, owing to the longer period of equilibration with 
greater opportunity for glycolysis and lactic acid formation. All pH values were therefore corrected 
to those of the corresponding COHb curves, the mean of the three COHb curves being taken as 
the standard pH at that pCO,. Thus all the 15 mm Hg pCO, curves, both O,Hb and COHb, were 
corrected to pH 7-50, all the 40 mm pCO, curves to pH 7-25, and all the 70 mm pCO, curves to 
pH 7-15. The correction applied to the O,Hb curves was the empirical relation of Dill, Graybiel, 
Hurtado & Tacquini (1940); A log pO, = 0-48 A pH. 

Carboxyhaemoglobin dissociation curves : 

These have been corrected for (i) residual O,Hb, (ii) haematocrit variations and (iii).pH. No 
correction was required for dissolved CO since the pCO in the tonometer was far too low for any 
appreciable quantity of CO to pass into solution. 

_ Residual O,Hb. The (O,Hb) found on analysis of the blood samples was not thought to be 
a reliable index of the (O,Hb) in the tonometer at equilibrium, since a small amount of oxygen 
might have been taken up by the blood while in the Roughton-Scholander pipette. Any tendency 
for the blood to take up oxygen at this stage of the analysis would be greatly enhanced by the 
increased affinity for oxygen in the presence of COHb. Instead, the correction was based on the 
small partial pressure of oxygen, pO,, (0-5-2-0 mm), unavoidably present as a contaminant in the 
tonometer, since this pO, would have been in equilibrium with the blood. (O,Hb) was calculated 
by the equation of Douglas et al. (1912), (O0,Hb) =p0O, (COHb)/MpCO, taking the value of 220 
for M which preliminary examination of our data showed to be a reasonable approximation. 
(It will be seen later that the values for M based on the fully corrected data range from 223 to 267. 
Use of the value 220 produces a maximum error of 0-001 mm Hg in the corrected pCO; an error 
which is quite without significance.) Having found (O,Hb), the sum of the concentrations 
- (COHb) +(O,Hb) was plotted against (pCO + pO,/) in a similar manner to the oxyhaemoglobin 
dissociation curves. 

Haematocrit variations were compensated for as described for the O,Hb curves. 


PH values for the COHb curves have been corrected to the standard pH at the appropriate 900, | 


using the relationship A log (pCO x 220) = —0-48A pH. This was derived from Dill’s equation 
A log pO, = -0-48A pH by substituting A log (MpCO) for A pO, and taking our approximate 
value of 220 for M. This substitution is justified by the finding of Parsons (1917) and Hastings, 
Sendroy, Murray & Heidelberger (1924) that combination with CO has exactly the same effect on 
the reaction of haemoglobin as has combination with O,. An example will serve to illustrate the 
method of calculating this correction. The observed values for one point were 46-6% COHb at 
pCO =0-123 mm Hg and pH of 7-18. For correction to the required standard pH of 7-25, 
A pH = +0-07. Therefore | 

A log (pCO x 220) = -0-48A pH = — 0-48( + 0-07) = — 0-0336. 


corrected log (pCO x 220) original log (pCO x 220) +A log (pCO x 220) 
=log (0-123 x 220) + ( 0-0896) = 1-4398 — 0-0836 = 1-4057. 


Thus corrected pCO x 220 =antilog 1-4057 =25-5; whence the corrected pCO =0-116 mm Hg. 


Now 


RESULTS 
Onyhaemoglobin dissociation curves — 


Fig. 1 shows the 0,Hb dissociation curves for the blood of each of the three 
subjects at the three CO, tensions of 15, 40 and 70 mm Hg. They are very 
similar to the curves of Barcroft & Poulton (1913) and Bock, Field & Adair 
(1924) showing the effect of increasing CO, tension on the 0,Hb dissociation 
curve. Where the curves of these authors diverge from one another those in 
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Fig. l lie between the two. This supports the view of Bock et al. (1924) that 
minor differences may arise from the different methods of blood gas analysis 
employed, since we used the Roughton-Scholander syringe method whereas 


Bock et al. (1924) employed the Van Slyke apparatus, and Barcroft & Poulton 
(1913) adopted the Barcroft—Haldane technique. 
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} Fig. 1. O,Hb dissociation curves for each of the three subjects at CO, tensions 15, 40 and 70 mm 
Hg, and pH values of 7-50, 7:25, and 7-15 respectively. Closed and open circles on the same 
curve denote results of separate experiments at the same CO, tension and pH value. 


Individual and day-to-day variations in the curves are illustrated by Fig. 2 
in which the determinations on all three subjects at each pCO, have been. 
plotted on the same graph. While the number of points for each subject is 
probably too small for any dogmatic assertion, there does not seem to be any 
significant difference between the subjects. Fig. 2 also shows that when the — | 
_0,Hb dissociation curve of a given subject at a given pCO, was repeated, even 4 
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after an interval of several months, there was likewise little difference in the 
results. This contention that there is little individual or daily variation in the 
curves is contrary to the findings of some earlier workers, but, unlike them, we 
have been able to correct our points for differences in pH. Since the effect of 


pH is comparatively large in the range 7:2-7-6 such differences may be 


significant. 
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Carboxyhaemoglobin dissociation curves 
The COHb curves for each of the three subjects are depicted in 1 Fig. 3 which » 
shows that the effect of CO, on the COHb dissociation curves is apparently 
very similar to its effect on the O,Hb dissociation curves. Fig, 4 demonstrates 
that, as in the case of the O,Hb curves, there was little variation between the 
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subjects when all the determinations at each pOO, were plotted on the same 
graph. Similarly, there was no difference between curves determined on the 
, same subject at an interval of several weeks. The part played by differences 
in pH in producing variations between the dissociation curves of the three 
individuals, and in the dissociation curve of the same individual as determined 
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: Fig. 3. COHb dissociation curves for each of the three subjects at CO, tensions of 15, 40 and 
70 mm Hg and pH values of 7-50, 7-25 and 7-15 respectifely. Closed and open circles on the 
same curve denote results of separate experiments at the same CO, tension and pH value. 


on various occasions, has already been mentioned and was well illustrated by 
the following incident. In one experiment the COHb curve for J.A. was 
determined at pCO, 40 mm. To our surprise the pH values for the equilibrated - 
blood samples were much the same as those for the COHb curve of J.A. at 
pCO, 70 mm, and on plotting the results before pH corrections had heen 
applied the curves were found to be very similar. Questioning revealed that 
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on that morning J.A. had been for a vigorous swim before breakfast, followed 
by a brisk uphill walk of three miles to the laboratory. His blood when drawn 


must therefore have contained appreciable quantities of lactic acid, thus — 


lowering the pH and accounting for these findings. The pH values confirmed 
this explanation which could otherwise have been only suspected. 
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Fig. 4. COHb dissociation curves drawn through the combined results for all three subjects at - 


each CO, tension. Where two symbols are used for the results of one subject they denote the 
results of separate experiments. 


Comparison with the COHb curves of Douglas, Haldane & Haldane 
The results of Douglas et al. (1912) are compared with those of the present 
investigation in Fig. 5. Although an exact comparison is not possible since the 
curves on the blood of Douglas were determined at CO, pressures of 0, 19, 42 
and 79 mm, while we used CO, pressures of 15, 40 and 70 mm, there appears 
to be considerable similarity between the two sets of results. Closer examina- 
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tion, however, reveals that while there is good agreement over the steep middle 
portions of the curves, at the higher saturations our curves tend to lie above 
those of Douglas et al. (1912). In the 65-90% saturation range we have found _ 
between 2 and 5% greater saturation of the haemoglobin for any given pCO. 


50 3 al 
$ 
o 40Fr o 
10 10 


0-05 015 0-25 035 0-45 : 0-05 015 0-25 035 0-45 
pCO (mm Hg) pCO (mm Hg) 
Fig. 5. (a) COHb dissociation curves of Douglas ef al. (1912) for the blood of Douglas at CO, 
tensions of 0, 19, 42 and 79 mm Hg; (6) COHb dissociation curves drawn from the combined 
results of N.J., G.P. and J.A. at CO, tensions of 15, 40 and 70 mm Hg. 


Comparison of O,Hb and COHD curves 


Deans et al, (1912) noted that when allowance was made for the difference 
in scale of the abscissae the O,Hb and COHb curves at any given pCO, were 
very similar. They further postulated that the COHb dissociation curves could 
be made to coincide over their whole range with the corresponding 0,Hb 
curves merely by altering the scale of the CO pressures M-fold. We have 
estimated the relative affinity of haemoglobin for CO and 0,, by comparing 
the pressures of CO and 0O,, as read from our dissociation curves, at which 
half the haemoglobin was converted to COHb or O,Hb, respectively. We have 
denoted the relative affinity as determined in this fashion by the symbol M*, 
reserving the more conventional M for the relative affinity as determined om 
the ratio of the pressures of CO and O, which will convert half the haemoglobin 
to COHb and half to O,Hb, reduced haemoglobin being absent. Table 1 gives 
the values for M* derived from corresponding curves in Figs. 1 and 3 and also 
the values derived from the averaged curves of all three subjects shown in 
Figs. 2 and 4. Though the differences in the values for the three subjects at 
each pCO, are probably all within the range of experimental error, there is a 
significant increase in M* as the pCO, is lowered and the blood becomes more 
alkaline. This increase is particularly marked when the values at pCO, 40mm Hg 
and pCO, 15 mm Hg are compared. 
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In Fig. 6 the averaged O,Hb and COHb curves of Figs. 2 and 4 have been 
superimposed. The CO pressures have been multiplied by the value of M* 
appropriate to the particular pCO,, thus compensating for the difference in 
scale of the CO and O, pressures. Over the middle ranges of the curves there 
is good agreement; at the lower ends there are variable differences but the 
small number of results at the lower saturations makes comment about the 
divergences difficult. At their upper ends, however, all the COHb curves do 
appear to lie about 1% below the corresponding O,Hb curves, though this 
difference cannot be much greater than the error of thesaturationdetermination. — 


Tasxz 1. Values of M* at each CO, tension obtained as described in the text from the O,Hb and 
COHb dissociation curves of N.J., G.P. and J.A., together with values derived from the 
combined curves of Figs. 2 and 4 


CO, 
tension Combined 
(mm Hg) N.J. OP. J.A. curves 
15 265 267 250 259 
40 236 234 242 238 
70 223 233 232 232 
- 
50 “ 


10 20 30 40 50 60 70 80 % 100 
or M* pCO (mm Hg) 

_ Fig. 6. Superimposed O,Hb and COHb dissociation curves for the three subjects at CO, tensions — 
of 15, 40 and 70 mm Hg and pH values 7-50, 7-25 and 7-15, respectively. At each CO, tension 
the CO pressures have been multiplied by the appropriate value of M* (see table). The curves 
virtually coincide and are shown as single continuous lines except at their upper and lower _ 
ends where the digression of the COHb curves is indicated by the dotted lines, 


DISCUSSION 
The COHb dissociation curve 
Interest in the reaction between haemoglobin and CO, in the absence of O,, 
may be said to have commenced with one or two preliminary experiments by 
Haldane & Lorrain Smith (1897) in which they observed the saturation with - 
COHb after shaking haemoglobin solutions with mixtures of CO and hydrogen. 
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It was not until 1912, however, that the first complete dissociation curves were 
determined by Douglas e¢ al. (1912). As far as we can ascertain, apart from 
some unpublished experiments of Hecht, Forbes & Morgan referred to by 
Barcroft (1928), their work has not been repeated until the present investiga- 
tion, forty-five years later. Having regard to the technical difficulties which 
we ourselves have experienced and the improvement in apparatus and tech- 
niques now available, those earlier curves must command great admiration. 
_ As already noted, the principal difference we have observed is that our curves 
lie above those of Douglas e al. (1912) at the higher saturations. This can 
probably be explained by the fact that the earlier work did not include many 
determinations at the higher saturations and in drawing their free-hand curves 
the authors must have been influenced by the shape of the current 0,Hb curves. 
The COHb curve for the blood of Douglas at pCO, 40 mm Hg coincides exactly 
with the corresponding O,Hb curve at pCO, 40 mm Hg presented in the same 
paper of Douglas et al. (1912). On the other hand, our COHb curves correspond 
more closely in shape to our own O,Hb curves and to the O,Hb curves of Bock 
et al. (1924). Moreover, when the 0,Hb curve of Douglas was redetermined 
by Courtice & Douglas (1947) using an improved Haldane blood-gas method, 
the curve obtained also had the same shape as our COHb and O,Hb curves. 
We therefore feel that the COHb curves presented in this paper are an 
improvement on those of Douglas et al. (1912). 


The relative affinity of haemoglobin for oxygen and carbon monoxide 

From their earlier work on haemoglobin solutions saturated with a mixture 
of O, and CO Haldane & Lorrain Smith (1897) concluded that the affinity of 
haemoglobin for CO was about 300 times greater than that for O,. Subsequent 
more detailed examination of this point by Douglas et al. (1912) demonstrated 
that when the blood of Douglas was exposed to a mixture of 0, and CO which 
would convert half the haemoglobin to 0,Hb and half to COHb the pressures of 
0, and CO were in the ratio 246:1. This ratio was designated by the symbol M. 
When these same authors compared the pressures of O, and CO corresponding — 
to the 50% saturation points on the separate O,Hb and COHb curves at 
pCO, 40 mm Hg, they found the pressures to be in the ratio 235:1. At that 
time the difference between these two values was simply explained as due to 
experimental error. However, F. J. W. Roughton (personal communication) 
has recently observed that the relative affinities of haemoglobin for CO and O, 
as determined by these two methods are actually two quite different constants, 
any correspondence between them being simply a numerical coincidence. He 
has therefore suggested that the symbol M* should be used to denote the 
relative affinity as determined from the 50% saturation points on the individual 
0,Hb and COHb curves. The value of 235 given by Douglas et al. (1912) for M* 
is very similar to our results of 235-240, also at pCO, 40 mm Hg. On the other 
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hand, while we found no significant difference in M* between the bloods of 
our three subjects at any given pCO,, Douglas e¢ al. (1912) found that the 
affinity of the blood of Haldane for CO, as represented by M, was 15% greater 
than that of Douglas. 

Several later estimates have been made of the value of M. Sendroy, Liu & 
Van Slyke (1929) give average values of 210 for human blood and 179 for 
ox blood. Sendroy & O’Neal (1955) repeated and extended this work con- 
firming the figure of 210 for human blood and found wide species variations 
ranging from 162 for sheep to 247 for the blood of the opossum. Killick (1936), 
using the reversion spectroscope, reported values of 233-272 for the blood of 
four men, results closer to those of Douglas et al. (1912). Though Douglas et al. 
showed that changes in temperature alter the value of M, temperature 
differences cannot account for these various figures since they were all obtained 
at 37-38° C. However, little account seems to have been taken of the possi- 
bility that alterations in pCO, or plasma pH might also affect M. It is true 
that neither Douglas et al. (1912) nor Hartridge (1912) could find any change 
in M as a result of altering the pCO, or of adding lactic acid and Na,CO, to 
the blood. Nevertheless, Roughton (1954), studying dilute solutions of sheep 
haemoglobin at 19° C, has recently found that M rose by an average of 35% 
when the pH was increased from 7-1 to 9-1. This change in M is at least similar 
in direction and degree to the results for M* presented in this paper, which 
indicate that in the physiological range of pH and at 37° C there is a small, 
but definite increase in the relative affinity for CO as the pCO, is reduced and 
the pH increases. Allen & Root (1957) have also found M to be influenced by 
plasma pH, though these authors record a peak value close to 225 for the blood 
of men and dogs at pH 7-35 and 37° C, falling sharply above and below this 
pH value to as low as 140 at pH 7-6 and to 155 at pH 7:1. One consequence 
of the fall described by the present authors in the value of M* as the pH is 
reduced is that the COHb and O,Hb dissociation curves are not, as is generally 
believed, affected to the same extent by changes in pH and pCO,. A rise in 
pCO, and fall in pH would appear, from the results presented in this paper, 
to produce a slightly greater shift to the — of the CORD curve than of the 
O,Hb curve. 


The difference between the relative affinities M and M* 

The intermediate compound hypothesis of Adair (1925) represents the re- 
action between haemoglobin and O, or CO as taking place in four stages giving 
a series of compounds Hb,, Hb, (O,), Hb, (O,),, Hb, Hb, (O,),, and Hb,, 
Hb, (CO), Hb,(CO),, Hb,(CO),, and Hb,(CO),. The respective equilibrium 
constants of the various reactions have been designated K,, K,, K;, and K, for 
the union with O, and L,, L,, L,, and L, for the union with CO. | 
As stated before — Methods), when blood is equilibrated with a mixture 
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of CO and O, at pressures sufficient to ensure that there is less than 0-1 % of 
reduced haemoglobin present, the proportion of COHb to 0,Hb is given by 
the equation ae ee , This equation has been termed Haldane’s first 
principle. The experimental validity of this principle has been confirmed by 
several workers (e.g. Allen & Root, 1957). Roughton (1954) has given mathe- 
matical proof that if the above equation is true for all values of pCO and pO,, 
then M=L,/K,. Thus, at percentage saturations sufficiently high for virtually — 
all the haemoglobin molecules to be combined with at least three molecules 
of O, or CO—that is, above 99-9% saturation—the 0,Hb and COHb 
dissociation curves should coincide if the scale of gas pressures is altered 
M-fold. 

Haldane also formulated a second principle, that the dissociation curve of 
0,Hb can be made to coincide with the dissociation curve of COHb over the 
whole saturation range by altering the scale of gas pressures M-fold. However, 
if Haldane’s second principle is to hold then not merely must L,/K,=M but it 
is further required that L,/K,=L,/K,=L,/K,=M, since the equilibrium 
constants L,, L,, L, and K,, K,, K, become of increasing significance as the 
concentrations of reduced haemoglobin and of intermediate compounds con- 
taining one or two gas molecules rise. Roughton (1954) has tested Haldane’s 
second principle using an ingenious and delicate technique to study the upper 
ends of the COHb and O,Hb dissociation curves in the range 98-99-5 % satura- 
tion. He found that while at pH 9-1 the two curves could be made to coincide 
by multiplying the pCO values by M, at pH 7-1 MpCO was about 2:5 times 
pO,, so that Haldane’s second principle did not hold true in this saturation 
range at physiological pH. The discrepancy could be explained by supposing 
that L,/K,, L,/K, and L,/K, were not equal to M. This supposition has since 
been confirmed by Roughton, Otis & Lyster (1955) who measured the individual 
equilibrium constants of the intermediate reactions between O, and haemo- 
globin at pH 9-1 and 19°C and found K, to be 18 times greater than X,. 
Similar measurements by Roughton (1954) showed L, to be 50 times greater 
than L,. Thus, if as has been shown L,/K,=M, then L,/K, =0-36 M. 

The failure of Haldane’s second principle resulting from this alteration in 
the relative affinity of haemoglobin for 0, and CO with varying degrees of 
saturation makes quite clear the difference between M as originally defined 
by Haldane in the absence of reduced haemoglobin, and our determinations 
of M* where 50% of the haemoglobin was in the reduced form. This variation 
in the relative affinity with the degree of saturation no doubt explains the 
divergences which have been observed between the COHb and O,Hb dissocia- 
tion curves at their upper and lower ends when the CO pressures were multi- 
plied by M* or M. Had it not been for the close numerical similarity of M 
and M* the elucidation of these divergences between the curves would not 
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have had to await the very precise measurements of saturation developed by | 
Roughton and his colleagues during the past decade. 

It therefore appears that temperature and species are only some of the 
factors affecting the relative affinity of haemoglobin for O, and CO. Not only 
are both CO, pressure and plasma pH of undoubted significance, but the degree 
of saturation of the haemoglobin must also be taken into account. 7 


SUMMARY 


1. Carboxyhaemoglobin dissociation curves, in the absence of O,, have been 
prepared for the blood of three subjects at CO, pressures of 15, 40 and 70 mm 
Hg, and pH values of 7-50, 7-25 and 7-15, respectively. The determinations 
were made by equilibrating blood samples in tonometers with various concen- 
trations of CO and measuring both the COHb saturation of the blood and the 
CO concentration in the tonometer gas at equilibrium. 

2. These curves have been compared with the O,Hb dissociation curves of 
the same three subjects, in the absence of CO, at the same CO, pressures and 
pH values. The effect of CO, on the COHb dissociation curves is shown to be 
very similar to though not identical with its effect on the O,Hb dissociation 


 gurves. 


3. The COHb dissociation curves differ slightly from the curves published 
by Douglas e al. (1912). Reasons for the differences are given. 

4, The relative affinity of haemoglobin for CO and O, varies only slightly 
from subject to subject. On the other hand, it is affected by changes in plasma 
pH and CO, pressure, the relative affinity for CO rising as the pH increases 
and the CO, pressure falls. In these experiments, which were performed at 
37° C, the ratio of the CO pressure producing 50% saturation with COHb to 
the O, pressure producing 50% saturation with O,Hb rose from an average 
value of 1:230 at pH 7-15 and pCO, 70 mm Hg, to 1:260 at pH 7-50 and 
pCO, 15 mm Hg. 

5. The relative affinity as determined in this fashion from the 50% satura- 
tion pressures on the individual COHb and O,Hb dissociation curves has been 
termed M*. The differences between this value and M, the ratio of the CO 
and Q, pressures producing 50% COHb and 50% O,Hb in a mixture containing 
no reduced haemoglobin, are discussed. 


The authors would like to express their thanks to Dr F. Prime and Dr J. D. Sinclair for their 


for their technical assistance. 
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CHEMICAL MODIFICATION OF INTRACELLULARLY 
RECORDED AFTER-POTENTIALS OF 
FROG SKELETAL MUSCLE 
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Action potentials in striated muscles have been analysed in terms of sodium 
and potassium diffusion potentials (Nastuk & Hodgkin, 1950; Keynes, 1954; 
Hodgkin & Horowicz, 1957). There is good evidence, on the other hand, that 
sodium exit and potassium entry after the spike are influenced by the energy 
resources in the cell (Hodgkin & Keynes, 1955). Resting membrane potentials 
appear to some extent to be dependent on oxidative metabolism (Ling & 
Gerard, 1949; Ling, 1952). The after-depolarization (negative after-potential) 
of skeletal muscle also seems to be more labile than the spike, and to change 
with both electrolyte (Macfarlane, 1952; Lubin, 1957) and metabolic disturb- 
ances (Macfarlane & Meares, 1955). Although Keynes (1954) reported that no 
change in the rate of sodium extrusion could be induced in frog muscle by 
0-2 mm 2:4-dinitrophenol (DNP), we have found that slightly higher concen- 
trations of this uncoupling agent abolish the after-potential of muscle, and 
that other forms of interference with metabolism induce changes of after- 
potential with little effect on the resting or action potentials. 

The after-potential of nerve has been studied for many years (Garten, | 
1910; Adrian, 1920; Erlanger & Gasser, 1937; Lorente de Né, 1947; Shanes, 
Grundfest & Freygang, 1953). Gerard (1930) showed that oxidative processes — 
are necessary for nerve to maintain after-hyperpolarization (positive after- 
potential) and Fitzhugh (1954) has correlated duration of refractory period in 
nerve with oxygen and phosphate energy supply. Shanes et al. (1953) have 
linked extracellularly recorded after-potentials with chloride and potassium 
migrations. Ritchie & Straub (1957) reported that the extracellularly recorded 
after-hyperpolarization of C fibres was reduced in size by metabolic inhibitors 
such as DNP and azide. In nerve the main after-potential is associated with 


an increase of membrane potential. In contrast, striated skeletal or cardiac __ 
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muscle fibres show maintained after-depolarization. Interpretations of the 
after-hyperpolarization of nerve may not directly apply to muscle. 

When it had been determined that the amplitude of muscle after-potentials 
could be changed, substances uncoupling phosphorylation or reducing available 
high-energy phosphate (DNP, sodium azide), reducing oxidative metabolism 
(nitrogen, barbiturates) or glycolysis (iodoacetate) were studied (Macfarlane 
& Meares, 1955). The effects of temperature are reported separately (Macfarlane _ 
& Meares, 1958). Bremer (1955) has recorded monophasic after-potential 
changes extracellularly following the application of sodium iodoacetate and 
varying concentrations of potassium and calcium to frog muscles. The use of 
extracellular electrodes produced considerable distortion of the after-potential 
in his records, but iodoacetate was found to reduce the size of the after- 
depolarization. The possibility that oxidative metabolism may be concerned 
in maintaining or producing the after-potential has been examined further, 
with intracellular recording. , 

METHODS 


The sartorius muscle with its nerve was dissected from adult Hyla coerulea, and occasionally from 
Bufo marinus. The frogs were studied at various seasons of the year: but they were not more than 
2 months in captivity. They were hydrated in dilute Ringer’s solution for 2 or 3 days before 
being used. 

The excised muscles were placed in a modified Ringer’s solution having the following composi- 
tion (mm): NaCl 115-0, KCl 3-0, CaCl, 2-5, MgSO, 1-0, NaHCO, 4-0, Na,HPO, 2-0, NaH,PO, 0-5, 
Glucose 5-0-20-0; pH 7-2-7-4. Deprivation of glucose had no detectable effect on the potentials 
obtained, but the muscles seemed to survive in working order for longer periods when 20 mm 
glucose was present, Frogs and toads in Queensland have high plasma osmolarities even when 
fresh and hydrated (freezing-point depression of plasma 0-51-0-:57° C). Oxygen containing 5% CO, — 
was bubbled through the solution, though after initial gas saturation the 8 ml. bath seemed to 
supply sufficient O, and CO, without further additions. The movement of muscle presents some 
difficulty in recording long events like after-potentials. Using small muscles suspended on teased 
_ cotton-wool in the solution, the electrode acted as a fulcrum and the muscle contracted on either 
side of the point of insertion. In this way records of single and multiple action potentials were 
obtained free from movement artifacts. The excised muscle was either stimulated directly, or more 
usually through its nerve. A silver-plated copper coil surrounded the muscle to allow temperature 
regulation by pumping water through the coil. : 

Potentials were led to a cathode follower through glass electrodes of less than 1 », tip diameter, 
filled with 3.™-KCl. Electrodes with resistances between 10 and 20 MQ were used. The time of 
response of electrodes and amplifier to a square wave passed through the system was 100-150 psec. 
There was a 25% reduction in peak voltage for any event of less than 300 psec duration. Over 
the temperature range of 20-25° C used for the present studies, the most rapid event, the rising 
phase of the spike, occupied 500-700 psec and was not significantly distorted. Junction potentials 
between the electrode and Ringer’s solution were backed off by applying current from a dry cell. 
The recorded potentials (average resting potential 86 mV) may be lower than others reported 
(Nastuk & Hodgkin, 1950) because of tip potential effects or because K+ 3 m-equiv/l. was used 
in the Ringer’s solution. 

Inhibitors were dissolved in Ringer’s solution and pH was adjusted by changing buffer concen- 

_ tration where necessary. Low oxygen tensions (approaching anoxia) were achieved by impaling 
_ fibres through a hole in a movable lid over the muscle chamber into which nitrogen was passed, 
or by bubbling nitrogen through the solution. | 
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One beam of the cathode-ray tube was set at zero potential, and time marks were fed on to this 
line. 


Measurement of the half-time of decay of the after-potential (t4) was difficult, since the decay : 


was not truly exponential, while the initial notch and the time course of the after-potential were 
variously affected by the agents modifying the after-potential. The total duration of the after- 
potential is not easily measured, since its return to the base line is gradual. The duration of after- 
potential is thus not readily described in simple quantitative terms. The amplitude of the after- 
potential at the time of origin is the most consistently describable event. Amplitude was measured 
as the voltage difference between resting potential and the origin of after-depolarization. 

In order to provide some quantitative statement of the behaviour of the after-potential, a 
straight line was drawn along the after-potential and this was measured for half and total time. The 
junction of this line with the downward projection of repolarization phase of the action potential 
was the point used to measure spike duration. 


RESULTS 


Normal action potential: Action potentials recorded in modified Ringer’s _ 


solution varied with the temperature of the solution and to some extent with 
the season of the year. Frogs were studied during autumn, winter and spring. 
For room temperatures of 20-26° C the spike duration was 1-2—1-5 msec and 
the amplitude of the after-potential was 19-6+4-4 mV (mean and s.pD.). The 
duration was between 40 and 48 msec with t} of 12-17 msec. A depolarization 
of 1-2 mV persisted for 80-100 msec. There was usually a depression or notch 
lasting 1-5 msec before the main after-potential began (Fig. 1a). At tempera- 
tures below 10° C this oscillation disappeared. 

2:4-Dinitrophenol (DNP). Nineteen muscles (202 fibres) from Hyla were 
studied at 20-26° C before, during and after soaking in 0-5-2-0 mm-DNP. 
Fibres in different parts of the muscle were sampled. All fibres in a muscle 
were not equally affected by the inhibitor, and the time course of action was 
modified by the depth to which it had to diffuse. a 

At a low concentration of DNP (0-5 mm) there was reduction of amplitude 
of the after-potential at the end of 20 min soaking. The overshoot of the action 
potential was also reduced by 10 mV. With 1-5 mm-DNP spike duration was 
increased from 1-2 to 2-0 msec in 20 min (Fig. 1). There was no interference 
with the end-plate potential (Fig. 2). These changes occurred without reduction 
of resting potential below 60-80 mV (Fig. 3). After 20-30 min in 2-0 mu-DNP, 
however, the resting potential fell to 60-70 mV and the after-potential was 
abolished in many fibres. Since the responses of individual muscles differ, and 
both time and concentration are important in determining the action of DNP, 
these variables are plotted as a scatter diagram in Fig. 3a. The response pattern 
of two muscles from one frog is illustrated in Fig. 3b, where it appears that the 
potential difference between the resting potential and the origin of the after- 
potential is not determined by the level of the resting potential. In the presence 
of 2 mm-DNP after-potential voltages ranged from 8 to 16 mV while the resting 


potential was at 82 mV, oe the periods of action and after the removal 
of DNP. 
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Ringer 
b 
ONT DNP 2:0 mm 
f 
DNP 1:0 mM Wash 


Fig. 1. (a) Action potentials from a sartorius muscle (Hla) at 24°C, in Ringer’s solution; 
(6)-(e) typical records after 20 min in concentrations of DNP ranging from 0-5 to 2-0 mm; 
(f) recovery on soaking 1+5 hr in fresh solution. As the DNP concentration increased the 
after-potential amplitude fell, the notch was reduced, spike duration increased, resting 
membrane potential decreased and the active membrane potential was reduced. The line 
carrying time marks is, in all figures, at zero potential; time 5 msec, voltage step 50 mV. 


Fig. 2. Muscle exposed to 2-0 mm-DNP for 40 min. The end-plate potential recorded intracellularly 
remained high in amplitude (25 mV) and unchanged in exponential repolarization, while the 
after-potential of the spike, recorded from the same end-plate at the next stimulation, was 
completely abolished. Time 20 msec, voltage 50 mV. 
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20 mm-DNP Ringer sglution 


after 20mm-DNP 
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Fig. 3a. The amplitude of after-potentials of muscles (as mV difference from resting potential) 
is related to the time of action of DNP. The time course of recovery of after-potential in 
Ringer’s solution is plotted, but the abscissa is reduced to quarter scale after 40 min. The 
amplitude of the after-potential was reduced proportionally to the concentration of DNP, 
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and the rate of reduction increased as DNP concentration was raised. 
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Fig. 3b. Time course of —_ of 2 mm-DNP on frog muscle fibres. ©, potential at peak of spike; 
@, resting potential; x, after-potential. The after-potential was 15-18 mV and the resting 


80 mV the after-potential slowly increased from 8 to 16 mV. 
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MUSCLE AFTER-POTENTIALS 83 


During a standard exposure time of 20 min, the duration and size of the 
after-potential fell proportionally to the concentration of DNP over the range 
0-5-2-0 mm (Fig. 3a). 

The after-potential was largely restored by soaking in normal solution for 
40 min. Full recovery took 14-2 hr (Fig. 1f). Restoration was faster and 
more complete if the resting potential had not fallen below 70 mV. 

After 30 min soaking in 2 mm-DNP nerve-muscle transmission failed. Direct 
stimulation then produced a flat-topped potential of low voltage, prolonged to 
40 msec or more (Fig. 4). There was no overshoot of the active membrane 
potential. Recovery from this state took place. 


Fig. 4. Musele at 22° Cin 2mm-DNP. (a) After-potential abolished after 15 min, fired through 
the nerve; resting potential 75 mV. (5) Direct stimulation of muscle after 35 min in 2-0 mm- 
DNP; spike duration 12 msec, with a double peak and a secondary slowing of the repolari- 
zation phase; resting potential 50 mV. (c) After 50 min the spike was flat-topped and persisted 
more than 20 msec; resting potential 52 mV. (d) Recovery on washing 50 min in Ringer’s 
solution; after- itauiames amplitude 13 mV, resting potential 70 mV, time 20 msec, voltage 
50mV, 


Serial changes were recorded in single fibres by leaving the electrode in one 
fibre and recording repeated discharges as DNP was gently added near the 
electrode tip. There was no detectable difference in these results from those 
obtained by random sampling of muscle fibres. ——- | 

The time relations between after-potential, resting potential and active 


_ membrane potential are plotted in Fig. 3. After-potential and resting potential 


converged as DNP took effect, then the resting potential was reduced. The 
active membrane potential fell later. Recovery of action potential to 80 mV 
took place without return of more than 8 mV of the after-potential. While the 
resting potential remained at 80 mV the we age increased from 8 to 
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Sodium azide (NaN,). Thirteen muscles were studied and measurements — 
were made on 195 fibres subjected to azide. In low concentration (0-2—1-0 mm) 
NaN, reduced the voltage of after-potentials slowly (50% in 30 min) and both 
resting and action potentials fell slightly. With 2-5 mm azide, 50% of the after- 
potential was lost in 20 min, whereas at 5-0 mm concentration 90% of the 
voltage of the after-potential was abolished within 3 min (Fig. 5). Action and 
resting potentials fell more slowly than the after-potential. Spike duration 
increased to 2-5 msec after 15 min in 5 mm azide and the notch was usually 


Fig. 5 | | Fig. 6 


Fig. 5. Muscle at 23°C exposed to sodium azide. (a) Sartorius muscle in Ringer’s solution. 
(6) Sodium azide 2-5 mm for 20 min reduced the after-potential. (c) After 3 min in 5 mm- 
sodium azide the after-potential was abolished, there was no fall in resting potential and the 
notch remained (these records include some end-plate potential). (d) Recovery in — 8 
solution after 30 min. Time 20 msec, voltage 50 mV. | 


Fig. 6. Action of pentobarbitone on muscle action potential at 24° C. (a) In Ringer’s solution. 
(6) After 24 min in 0-7 mm-pentobarbitone there was reduction of duration and voltage of 
the after-potential. (c) Increasing the pentobarbitone concentration to 0-8 mm induced a 
short, rounded after-potential with loss of the notch in 5 min, (d) Recovery took place after — 
4hr in fresh Ringer’s solution. 


iZ 
4 
¥ 
> 
Ag 
+ 
> 
AGS 
irs 
4 
5:0 mM q 
pente 
“J 
; 
i 
d ey a 
* 
# 
34 
id 
Ag 


MUSCLE AFTER-POTENTIALS | 85 


abolished. Recovery in Ringer’s solution was more rapid than after DNP, 
20-30 min being sufficient to restore all components to the initial state. 

Pentobarbitone. Measurements of 90 fibres in eight muscles were made. 
A concentration of 0:8 mm sodium pentobarbitone lowered both the voltage 
and the duration of after-potentials, while the resting potential fell by 10%. 
The descending limb of the spike swept smoothly into the after-potential 
(Fig. 6). No notch oscillation appeared. The after-potential voltage was 
lowered, the duration shortened to a half-time of 3-4 msec and restoration was 
slow, over 3-4 hr. There was some slowing of the rise time of the spike and 
reduction of active membrane potential. 

Sodium vodoacetate (Nal A). Sixty-five fibres in eleven muscles were measured. 
Inhibition of the after-potential was slow, and the duration became less as the 
amplitude fell, forming a smooth exponential curve. When muscles were 
treated with 2-5 mm-NalA the amplitude of the after-potential fell to half in 
60 min but the resting potential was unaffected. The overshoot was reduced 
slightly more than the resting potential. The after-potential was shortened in 
duration after 30 min in 5 mm-NalA, while resting and active membrane 
potentials fell by 3 mV. After 60 min there was further loss of overshoot, the 
spike became wider, the notch disappeared and the half-time of the after- 
potential shortened further to 3 msec. There was little or no recovery of the 
spike on washing in fresh Ringer’s solution (Fig. 7d) for an hour. The after- 
potential, instead, disappeared: and the spike duration increased. The time 
required for action was inversely proportional to the concentration of NalA. 
There was contracture of the muscle before the after-potential was reduced, 
though the muscle continued to twitch throughout. 

Anoaia. This was investigated in nine muscles, Within 20 min of exposure 
to an atmosphere of nitrogen or in a solution saturated with nitrogen, the 
after-potential of sartorius muscles was reduced. After 35 min the spike 
widened, the after-potential was abolished and the notch disappeared as the 


_ spike swept smoothly into the after-potential (Fig. 8). Return of oxygen to 
_the preparation allowed recovery of the after-potential within 10 min. 


External [K+]. It was observed earlier (Macfarlane, 1952) that raising the 


external potassium ion concentration above 6 m-equiv/l. decreased duration 
and amplitude of after-potentials proportionally to the K* concentration. As 


potassium penetrated to the muscle fibres through the fibrous sheaths, the 


resting potential decreased. The after-potential remained at lower voltage _ 


after the resting potential was reduced. 

When external K+ was increased to 15-20 m-equiv/l. there was a fall of 
resting potential, and the overshoot of the active membrane potential was 
often abolished. In spite of these changes the after-depolarization remained 


at 12-14 mV with a resting potential of 50-60 mV (Fig. 9). . 


A fall of resting potential took place within 5 min in 15 m-equiv/l. K+ 
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(Fig. 10). Recovery was slow, and more than half an hour usually elapsed before — 
the initial spike pattern returned. Comparison of the effect of DNP (Fig. 3) 
with that of 20 m-equiv/l. K+ makes it clear that depolarization as such does 
not result in a loss of after-potential (Fig. 10) and that the after-potential 
is almost abolished by DNP before the resting potential falls below 70 mV. 


Fig. 7. Action of sodium on muscle at 24°C. (a) Norma: spike. (6) Muscle in 5-0 mm- 
NalIA for 37 min; the after-potential was shortened, and the active membrane potential 
reduced in amplitude. (¢) After 60 min in 5-0 mm-NaIA the spike widened to 3 msec and the 
after-potential was reduced to 5 mV amplitude, and a short, curved form. (d) In Ringer's 
solution 65 min after NalA; there was no recovery—instead, resting and active membrane 
potentials were reduced further, and the spike widened to 5 msec; the after-potential was 
virtually abolished, Time 20 msec, voltage 50 mV. | 


Fig. 8. Frog sartorius exposed to an atmosphere of N,, with recovery in O, (a) Normal spike at 
22° C; resting potential 79 mV. (b) After 20 min in N, atmosphere, after-potential flatten«(; 
resting potential 74 mV. (c) After 35 min in N,; resting potential reduced to 65 mV and af:.r- 
potential abolished ; spike widened to 7 msec. (d) Recovery after 20 min in O,; resting poten‘ial 
78 mV. Time 20 msec, voltage 50 mY. ae | , | 
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These findings are summarized in Fig. 11, which shows the linear relation, 
extrapolating to zero, of resting and after-potentials under the influence of 
increasing [K*] externally. This may be contrasted with the effects of DNP, 
azide, anoxia and temperature, all of which reduce the after-potential more 


0 m-equiv/t. 
+ 


K 


3 m-equiv/t 


3 m-equiv/i; 


20 m-equiv/!. 
Kt 


20 m-equiv/!. 
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Fig. 9. Effects of K* concentration on action potentials. (a) 0 m-equiv/!. K* in Ringer’s solution; 
the resting potential was increased to 100 mV and the after-potential was prolonged. 
(6) 3 m-equiv/l. K+, time 20 msec. (c) As in (6) but sweep velocity reduced, time 20 msec. 
(2d) 20 m-equiv/l. K+ for 10 min; there was reduction of the resting potential and active 
membrane potential, slowing of depolarization and shortening of the time course of the 
after-potential. (e) Muscle in 20 m-equiv/l. K+ for 20 min; the spike was further reduced but 
some after-potential persisted. ({) Recovery on soaking in Ringer's solution with 3 m-equiv/I. 
K+. Time marks 20 msec, voltage step 50 mV. 


than the resting potential. The after-potential is abolished, on the average, 
at a resting potential of 60 mV, although in some fibres the after-potential was 
lost at higher resting potentials. 

Increased after-potential. Several procedures increased the voltage and 
duration of the single muscle cell after-potential. These were reduction of 
external K+ or Ca*+, raised temperature and application of veratrine alkaloids 
or of neomonacrin. 

Removal of K+ from the medium increased the after-potential voltage to 


30 mV and its duration to t} 25 msec at 25° C (Fig. 9). The resting potential 
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rose'to 100-105 mV. When DNP acted upon skeletal muscle in the absence of - 
external K+ there was little or no increase of resting potential, but the after- 
potential was abolished. | 


a b 
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Fig. 10. Response of two muscles to increasing concentrations of potassium in the medium, at 
22° C. ©, potential at peak of spike; @, resting potential; x, after-potential. (a) In a 
K-free solution the after-potential was 27 mV with an increase in resting potential; on 
adding Ringer’s solution with 15 m-equiv/l. K+ the active membrane potential fell and 
the resting potential was reduced to 55 mV, but the after-potential remained within 
12-14 mV of the resting potential; the active membrane potential was also reduced; there — 
was good reversal of these effects in 30 min. (b) Another muscle, on passing from 3 to 
20 m-equiv/l. K+, showed retention of the after-potential during reduction of the resting 
‘potential to 50 mV and a profound fall of action potential; recovery was not complete after 
63 min, but the after-depolarization remained 15-17 mV from the resting potential. | 


Veratrine alkaloids of 1 x 10-* concentration produced some contracture of 
the muscle. When the veratrine was washed away after 3 min action the — 
muscles continued to contract, and the resting potential was maintained at 
70-85 mV. Single stimuli produced repetitive firing and the after-potential 
reached voltages of 60 mV. After the veratrine application, this pattern of 
activity: continued for 1-2 hr in normal Ringer’s solution. At lower concen- 
trations (1 x 10°’) the after-potential was low in voltage but lasted for | sec 
(Fig. 12). 

Neomonacrin (l-methyl-5-aminoacridine HCl) in low concentration 
(0-5 mm) lengthened the after-potential and increased its amplitude to 45 mV. 
In higher concentration (2-0 mm) the active membrane potential was reduced, 
and a second local response appeared on the plateau of the after-potential 
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(Fig. 13). As the resting potential fell there was greater widening of the spike 
and lengthening of the after-potential. In a series of tapidly induced action 
potentials the after-potential became shorter. After resting for a minute or 
two the prolongation of the after-potential returned. < 

Other inhibitors. Sodium arsenite (10-100 mm), acetazolamide (2-20 mm), 
fluoride (2-5 mm) and organic mercurials (0-1-2-0 mm) produced no consistent 
effect, but further study of them is necessary. None significantly changed the 
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Fig. 11. The relation of resting potential to after-potential is plotted for normal muscles in 


3 mm-K+ Ringer’s solution (+). There was a linear reduction, extrapolating to zero, of after- 
potential relative to action potential with increasing [K+] externally (©). In contrast, 
DNP ( x), azide (@) and anoxia (A) reduced the after-potential to zero, while the resting 
potential fell only to about 60 mV, The reduction of after-potential by cold is indicated by the 
mean responses to temperature @ and these fall along the same general line as the DNP and © 
azide responses. At resting potentials below 50 mV it was difficult to obtain action potentials. 
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Fig. 12. Action of veratrine alkaloids on frog muscle at 24°C. (a) Normal spike; time 100 msec, 
voltage step 50 mV, (6) Increase of duration of after- sotentia! after 30 min in veratrine 
(1 x 10-"). (c) Recovery in Ringer's solution, 2 hr. (d) Another muscle in veratrine 1 x 10°, 
_ showing repetitive firing to one stimulus, with successively reduced spikes and a focal response 
on the after-potential; time marks 20 msec. 


— 


Fig. 13. Effects of neomonacrin at 22°C. (a) Normal action potential; time 20 msec, voltage step 
50 mV. (6) After-potential after 7 min in 0-5 mm-neomonacrin was prolonged and increased 
in amplitude. (c) Four superimposed sweeps at 2 sec intervals, in 2-0 mm-neomonacrin; from 
the first after-potential a second spike developed; subsequent after-potentials were reduced — 
in duration. (d) After 30 min there was reduction of the spike. (e) Further reduction of action 
potential at 40 min, but there was a double spike; the after-potential was shorter as a result 
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after-potentials, though in high concentration they were lethal. In neither 
Hyla nor Bufo muscles was there any consistent effect of cyanide although 
fourteen muscles and 240 fibres were studied. With 20 mm-NaCN there was 
some reduction of overshoot and occasional reduction of after-potential. 
Potassium cyanide at 5 mM concentration produced no obvious or consistent 
change. 
DISCUSSION 
Since the after-potential of muscle comprises a long depolarization it might be 
expected to show some differences from the after-hyperpolarization of nerve, 
which Coombs, Eccles & Fatt (1955) and Eccles (1957) consider to be a physical 
product of diffusion potential only. | 
Two explanations of changes produced by chemical substances on after- 
depolarization may be suggested. One is that membrane properties could be 
altered by the inhibiting agents so that ionic distribution along electro- 
chemical gradients was changed. The other possibility is that active transport 
determines ionic migration against gradients and this appears as the after- 
potential. Evidence that active ion transport may underlie the mechanism of 
the after-potential comes from the observation that low temperature reduces 
the after-potential of skeletal muscle (Macfarlane & Meares, 1955): and this 
could be the result of slow breakdown of creatine phosphate (CrP), adenosine 
triphosphate (ATP), or other high energy phosphates. The Q,, of the amplitude 
of the after-potential is about 2-0, which also suggests that there may be a 


- metabolic determinant of the amount of ionic current flow. Shaw & Simon 


(1955) report cessation of sodium extrusion at 5° C in toad muscle. ; 

Further testing of the possibility of active transport, by reduction of the 

oxygen supply or by compounds capable of lowering the resources of high 
energy phosphate, has added weight to the hypothesis. These agents reduce — 
the after-potential with relatively less effect on the resting potential (Fig. 11), 
but it is likely that both of these potentials depend in part, though possibly 
indirectly, upon a supply of phosphate energy. There is some dependence of 
after-potential upon resting potential, but in the case of high external Kt 
concentration a low resting potential is still associated with a substantial after- 
potential. Conversely, DNP action is associated with loss of after-potential 
when only slight changes of resting potential occur. , 

‘The studies of Loomis & Lipmann (1948) and Green (1951) have shown that 
DNP uncouples oxidation from phosphorylation. It may also prevent esteri- 
fication of inorganic phosphate. Myers & Slater (1957) have produced evidence 

that mitochondrial enzymes are caused to hydrolyse ATP by concentrations 
of DNP ranging from 10-* to 10-* m. Azide also appears to act in this fashion. 
In higher concentration DNP has other actions, bringing about contracture of 
muscle and depolarization of the cell (Barnes, Duff & Threlfall, 1955). 
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Muscle and nerve under the influence of DNP or similar inhibitors have been 
studied by Hodgkin & Keynes (1955) and Lowenstein & Szent-Gyérgyi (1955). 
Active Na+ extrusion in nerve was blocked by DNP, but no effect on Na+ 
transfer was produced in muscle at 0-2 mm concentration. Two factors may 


account for this discrepancy between nerve and muscle. Nerve has fewer | 


mitochondria and a lower concentration of the cyclophorase system than 
muscle (Green, 1951), so that sufficient uncoupling could possibly be achieved 
in nerve at lower DNP concentrations. There may also be different perme- 
abilities to DNP of muscle and nerve fibrous tissue, cell membranes and 
mitochondria. Anaerobic production of high-energy phosphates is, also, 
probably greater in muscle, which is well equipped for glycolysis. Active 
inward transport of K+ has been detected in nerve (Hodgkin & Keynes, 1954). 
If the descending limb of the action potential be regarded as outward diffusion 
of K+ (Hodgkin, Huxley & Katz, 1952), the after-depolarization in muscle 
could be accounted for if it were the electrical image of accelerated active 


transport of K+ inwards or Cl- outwards. There is some evidence that DNP 


increases net loss of K+ from muscle (Schatzmann & Witt, 1954; Shaw & 
Simon, 1955), and this would be consistent with reduced inward transport of 


that ion. An exchange in which internal Na+ is replaced by eternal K+ is 


probable (Hodgkin & Keynes, 1955). 

McLennan (1956) found in rat muscles that the potassium flux inwards was 
reduced from 11-1 pequiv/g/hr at 20° C to 1-9 wequiv/g/hr at 0° C. At 20°C 
there was a 50-60% reduction of influx by 0:2 mm-DNP, 1 mm-NaN, or 
5 mm-NaCN: but these inhibitions did not occur at 0° C. Potassium uptake 
by rat muscle seems therefore to show considerable dependence upon energy 
from metabolism. Frog muscle in the cold has virtually no after-potential, and 
its uptake of K+ would be likely to be low at 0° C. 

Sodium azide is active in reducing available ATP (Loomis & Lipmann, 1949; 
Myers & Slater, 1957). Ling & Gerard (1949) found that 1-2 mm sodium azide 
reduced the resting potential of frog muscle. The after-potential in our experi- 
ments has been reduced by 2-5 mm azide with little initial change of membrane 
potential. A difference in site of action of azide from that of DNP is suggested 
by the rapid action (1-3 min) of 5 mm azide on muscle, and the rapid recovery. 
Some interference with sodium carriage is indicated by the reduction of active 
membrane potential and widening of thespike. In yeast Foulkes (1956) finds that 
azide inhibits potassium uptake, and it may be that azide is a more specific 
inhibitor of potassium than ofsodium transport (Conway, Ryan & Carton, 1954). 

Barbiturate reduces muscle after-potentials to a short exponential curve, 
resembling that produced by iodoacetate. Thesleff (1956) observed slowing of 
the rising phase of the spike and reduced active membrane potential in muscle 
fibres in the presence of 3x 10~* pentobarbitone. As in the present observa- 


tions, there was little effect upon resting potential. Brody & Bain (1951) 
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suggested that thiopentone, which reduces the P:O ratio in brain mince, 
uncouples phosphorylation but not so effectively as DNP. The after-potential 
changes recorded with DNP and pentobarbitone differ in conformation. This 
points to a difference in site of attack of the two inhibitors, or to dual 
action of pentobarbitone on both the muscle membrane and the ionic fluxes 
responsible for the after-potential. . 

Many studies on anoxic nerve have been made (Lorente de N6é, 1947). 
Anoxia reduces after-hyperpolarization in nerve (Gerard, 1930) as well as the 
|} negative phase (Amberson, Parpart & Sanders, 1931). The resting potential 

falls with anoxia, probably because potassium leaks progressively from the 
-nerve (Fenn & Gerschman, 1949; Shanes, 1952). In our experiments with 
+ muscle, the high glucose concentration of the medium probably protected 

the resting potential from depression during anoxia, but reduction of 
the after-potential to 5 mV took place in 20 min. After 35 min there was 
interference with ionic migrations underlying the active membrane potential 
as well. The main formation of ATP is dependent upon oxygen, but some 
anaerobic glycolytic high energy phosphate would be available (Elliott & 

Henry, 1946). The observations on the effects of anoxia are consistent with 

the postulated need for energy-yielding processes in maintaining the after- 

potential and the relative persistence of the after-potential during anoxia co 
result from anaerobic glycolytic phosphorylation. | 

- Cyanide has little effect on after-potentials of muscle. In frog muscle 

Keynes & Maisel (1954) were unable to detect interference with sodium 

extrusion by doubly blocking metabolic paths with cyanide and iodoacetate. 

Similarly, Myers & Slater (1957) found that cyanide did not facilitate the 

hydrolysis of ATP in mitochondria in the manner of DNP and azide. It is 

likely that cyanide could slowly inhibit oxidative processes, but its failure to 
act on after-potentials is difficult to explain. There seem to be differences 
between tissues in response to this substance, since cyanide blocked sodium 
extrusion from squid axons (Caldwell & Keynes, 1957) and the effect was 
partly reversed by injection of ATP. | 
On the glycolytic side iodoacetate would be expected to inhibit the break- 
down of diphosphoglycerate. Since 2-5-5-0 mm concentrations were necessary 
to change the action potentials, some other effects on the cells may occur. 
Fuhrman & Field (1943) found that IA inhibited glycolysis before it depressed 
' oxidation. When IA acted upon muscle fibres the reduction of after-potential _ 
took place slowly and was poorly reversible. It is likely that an early inhibition 
of glycolysis by IA had little effect, but later interference with respiration may 
have been severe enough to cause cell damage. The active membrane potential 
and duration of the after-potential were changed to about twice the extent 
that the resting potential and amplitude of after-potential changed, so that 
some inhibition of the sodium carrier system may have occurred also. All the 
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inhibitors studied interfere with the rise time of the action potential and 


reduce the active membrane potential when concentrations are high or the 
time of action is prolonged. This suggests that Nat entry is disturbed some 
time after the after-potential is reduced or abolished. 

Veratrine increases both voltage and duration of after-potential. The mode 
of action of veratrine is ill-defined. Schmitt & Gasser (1933) suggest that 
increased oxygen utilization takes place during veratrine action, but the higher 
Q,, could be associated either with repetitive firing or with increased active 
transport. Potassium leakage is increased by veratrine (Shanes, 1952), but this 
again is attributable to repeated action potentials. Excitability remains high 


and repetitive firing takes place from the after-potential (while the resting 


potential remains depolarized by 20-30 mV). Potassium loss as such would 
rapidly reduce the resting potential and the cell would become inexcitable. 
It seems possible that veratrine facilitates ion transport across the membrane 
to produce the after-potential. 


Neomonacrin superficially acts like veratrine but the reduction of after- 


potential on repeated discharge of muscle and its quick recovery on rest are 
peculiar to neomonacrin. At present there is no evidence to suggest how 
neomonacrin produces its effects, though probably it acts primarily on the 
membrane rather than on energy sources. The rapid onset of action and the fact 
that at pH 7-4 it is highly ionized suggest that neomonacrin does not have 
to enter the cell to produce changes. The ionized acridines decrease resting 
potential while the after-potential increases. Pharmacologically at least there 
is no direct dependence of after-potential upon resting potential. 

This type of prolonged after-potential has some resemblance to that pro- 
duced in Loligo nerve by Tasaki & Hagiwara (1957) using tetraethylammonium 
chloride intracellularly. The mechanism of such action is still obscure. A similar 
increased amplitude and duration of muscle after-potential is brought about 

by raising the external iodide or thiocyanate ion (Lubin, 1957) or the nitrate 
- jon concentration (unpublished observation). There is no evidence on whether 
these ions alter the equilibrium potential, encourage potassium entry into the 
cell or anion extrusion. 

After-potentials represent ionic movements during the recovery phase of cell 
activity and they offer easily visualized links between electrical and bio- 
chemical events in or on the cell. Since they are relatively easily modified by 
agents reducing the production or increasing the destruction of ATP, it is 
possible that the after-potential results from active ion transport, such as 
inward transport of K+ linked with Na+ or Cl- extrusion: There are, however, 
observations such as those on the increase and prolongation of the after- 


potential that are not easily accommodated in any hypothesis, although — 


alteration of the surface membrane seems likely. 
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SUMMARY 


1. The negative eMaomnen (after-depolarization) of amphibian skeletal 
muscle has been studied at 20-25° C using intracellular electrodes. 

2. The after-potential is reversibly reduced or abolished by 2:4-dinitro- 
phenol, sodium azide and anoxia. Pentobarbitone causes reduction of after- 
potentials in a different way from DNP. Sodium iodoacetate acts slowly and 
its inhibition of the after-potential is not readily reversible. 

3. The after-potential is abolished by DNP; azide and anoxia while the 
resting potential falls only 20-30 mV. Increasing concentrations of K+ reduce 
the after-potential in direct proportion to the resting potential. 

4, Veratrine and neomonacrin increase the voltage of the after- “potential, 
although the resting potential falls. 

5. It is thought likely that the after-potential represents an active inward 
transport on cations or extrusion of anions, dependent upon energy from 
oxidative phosphorylation. 
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INTRACELLULAR RECORDING OF ACTION AND AFTER- 
- POTENTIALS OF FROG MUSCLE BETWEEN 0 AND 45°C 


By W. V. MACFARLANE anp J. D. MEARES 
From the Sir William Macgregor School of Physiology, 
University of Queensland 


(Received 14 November 1957) 


Most investigations of the relation between temperature and the electrical 
activity of poikilotherm tissue have been made on nerve. Electrical activity in 
excitable tissue, which appears to result from both diffusion and active transport 
of ions (Hodgkin & Huxley, 1952; Hodgkin & Keynes, 1955) would be expected 
to change with temperature. The positive after-potential (after-hyperpolariza- 
tion) of nerve was found by Garten (1910) to be ‘vollstandig aufgehoben’ 
by cold, and the negative after-potential (after-depolarization) induced by 
veratrine was shortened when the nerve was cooled from 20° C to ice-water 
temperature. Lorente de Né (1947) described an increase of voltage of the 
negative after-potential in bull-frog nerves as the temperature was raised 
from 10 to 38° C. Squid axons were studied at different temperatures by 
Hodgkin & Katz (1950) who described changes of both resting and action 
potentials. 

Some studies on frog sartorius muscle have also been made and this muscle 
was used by Bernstein (1902) in his examination of the thermodynamics of the 
resting potential, The potentials of muscle fibres were measured by Ling & 
Woodbury (1949) over a range of temperatures. They found that the resting 
potential was greatest near 30° C, and its voltage declined above and below 
that temperature. The observation that the after-depolarization of frog muscle 
cells was reduced by cold (Macfarlane & Meares, 1955; Bremer, 1955) led to 
systematic examination of the action and after-potentials over a range of 
temperatures. Ishiko & Sato (1957) have examined the behaviour of toad 
Sartorius muscles between 9-5 and 28°C, and they found that the after- 
potential increased with temperature. 

It appears’ that the after-potential of nerve and muscle may be more 
dependent upon metabolic energy than the resting potential (Macfarlane & 
Meares, 1955), while the action potential seems less involved with immediate 


energy sources. The effects of — should then be greater on after- 
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potentials than on other aspects of ion migration in muscle. Since skeletal 
muscle fibres have a long after-depolarization they are useful cells in which to 
analyse the temperature responses of the recovery phases of this active tissue. 


METHODS 


Nerve—muscle sartorius preparations were dissected from adult Hyla coerulea, and occasionally 
from Bufo marinus. The frogs were studied at various seasons of the year: but they were not more 
than two months in captivity. They were hydrated in dilute Ringer’s solution for 2 or 3 days 
before being used. 

previous account (Macfarlane & Meares, 1958). 

Electrodes with a resistance of 10-15 MQ were used and the potentials were led to a d.c. 
amplifier through a cathode follower. The response time of the system was 150 psec for a square 
wave. When the square wave became distorted the electrode was changed. 

There was no reduction in voltage of events with a rise time of more than 0-3 msec. Muscles 
heated to 45° C showed a rise time of 0-4-0-45 msec for the spike and were essentially undistorted. 

Temperature change was brought about by circulating water from a thermostatically controlled 
bath through silver-plated copper coils in the periphery of the muscle chamber. A thermistor in 
the muscle bath controlled the temperature of the reservoir. The Q,) was calculated from average 
values. When the ‘process increased with temperature Q,. was expressed as a positive integer. 
When a process decreased with rising temperature it was expressed as a reciprocal. This convention 
indicates the magnitude of changes with temperature as whole numbers whether there be increase 
or decrease of rate with temperature. 

Samples of the potentials from fibres of the sartorius muscle were made at intervals of a few 
minutes. Muscles were equilibrated at least 10 min at any temperature studied. Frogs have been 
studied at all seasons but this report concerns autumn, winter and spring frogs, At latitude 27° 8. 
Hyla does not undergo deep hibernation. The seasonal differences will be analysed in greater 
detail later. 

Measurement of the components of the spike and after-potentiai was difficult because the curves 
changed in form as temperature was varied. The following convention was used. The slope of the 
longest part of the rise or fall of the spike was projected to the resting potential level. The spike 
duration was measured as the distance between these lines at the point of origin of the after- 
potential. Voltage of the after-potential relative to resting membrane potential was measured at 
the point of origin from the spike. In the cold below 5° C this potential could not be measured 
accurately. The duration of the after-potential was determined, between 10 and 32° C, as though 
it were the product of an exponential decay and was expressed as half-time (#4). Above and below 
those temperatures the after-potential was not exponential but an approximate half-time was 
determined. An estimate was made of the duration of the prolonged slow phase, as it approached 
resting potential levels. 

It was possible to retain the electrode in one fibre for 30 or more minutes without damage. 
The time required to pass through a range of temperature of 45° C was too great, however, to 
allow one fibre only to be used. The responses of the fibre population were therefore recorded and 
these showed some variation which was treated statistically. Since there appear to be different 
functional types of fibres within the sartorius muscle, examples have been given of the average 
as well as of individual muscles. 

Meet recor wore obtained betwen 2 ond 45°C bat some fre ware ative, though port 
reversible, at 50° C. 
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TasLe 1. Mean and 8.0. of potentials grouped in 10° C intervals of temperature 


T tential  _potential 
emp. po | 
(°C) (mV) (mV) 


0-10 7624+ 97 100-5415-2 5-4+3-6 
11-20 7814129 410-6 14-24.4-5 
21-30 8434 77 11644 79 19-6444 
31-40 86:34 89 10834137 29-645-9 
41-45 8174 89 10284 96  33-946-2 
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1. Resting potential (@, below zero potential), after-potential ( x) and active membrane 
potential (@, above zero) are related to temperature. The potentials from two muscles of an 


3 autumn frog are plotted, There was an increase of resting potential, and greater separation 


of after-potential from resting potential, as temperature increased. The active membrane 
potential decreased at temperatures above 25° C. 
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RESULTS 
Resting potential. In the population of muscles studied there was an increase 
of resting potential as temperature rose (Table 1). The increase was slow 
(Q,9 1-03) and the average maximum voltage of 85-8 + 8-9 mV was reached at 
about 35°C. Above 40°C the resting potential of some muscles declined. 
Other muscles maintained high resting potentials. 


Fig. 2. Action potentials illustrating the effects of temperature change between 0 and 50° C (note 
different sweep velocities). (a) Action potential of the faster type at 0° C; no notch or after- 
potential remains; time 20 msec. (b) Action potential at 45° C, to show notch and 50 mV 
after-potential; reduced active membrane potential; time 5 msec. (c) Action potential at 
50° C; active membrane potential and resting potential are equal; the after-potential is short 
in duration; time 5 msec. Voltage step 50 mV in all records. | 7 


The variation between frogs was considerable, and seasonal effects contri- 
buted to the deviations shown in Table 1. A clearer picture of the behaviour 
of a fibre population is shown in Fig. 1 where one pair of muscles from an 
autumn frog was measured over a wide range of temperature. These muscles 
did not show a decline of resting potential above 40° C. 

Action potential. In most muscle fibres the active membrane potential and 
spike height did not change with temperature (Q,, 1-02) up to 25-28° C. Above 
that temperature the active membrane potential (Q,, 1:4) declined steadily. 

Spike duration changed readily with temperature and spikes became shorter 
as temperature rose. At all temperatures from 0 to 50° C depolarization pro- 
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ceeded at about twice the velocity of repolarization (Fig. 2). The effects were 
greatest below 10° C, where the Q,, for reciprocal duration ranged from 2-7 to 
4-1 (Fig. 36). Over the range of temperature from 10 to 40°C the Q,, fell 
gradually from 2-0 to 1-2 (Fig. 3a). There were two types of fibre response to 
cold in the muscles studied. In one type of fibre (Fig. 4: 7 and 8° C) the 
repolarization phase (Q,, 2°7) was prolonged to twice that of depolarization. 
In the other fibres exposed to cold (Fig. 4: 3° C) repolarization was slowed 


5 0.65 20 25 30 35 40 45°C 
Temp. (°C) 

Fig. 3a. Spike duration changes with temperature. Muscles from autumn frogs with only one 

type of spike in the cold; depolarization (e) was not greatly affected by cooling; repolariza- 
_ tion ( x) was slowed more by cooling below 15° C; the total duration of the spike (QC) was 
mainly influenced by changes in time of repolarization. 

Fig. 3b, Effects of cooling on autumn frog muscle action potentials; there were two types of fibre, 
one giving short, and the other long action potentials below 15° C. Depolarization in the 
short spikes (e) was least changed and repolarization (©) of this type was slowed only to half 
the extent found in the long action potential repolarization phase (@); the depolarization of 
long action potentials ( x ) was relatively longer in the cold. 


(Q19 4:1) to four times the time required for the rising phase of the spike. The 
terminal phase of repolarization of the slowly recovering fibres came to re- 
semble another after-potential. In a continuous series of observations on such 
fibres it was clear that the after-potential was abolished before the long 
terminal process of the slow spikes appeared at 5° C. In the slow-recovery fibres 
depolarization occupied 10-12 msec at 2° C compared with 5 msec in the fast 
fibres. Similarly, repolarization took 30-40 msec at 2° C in the slow type and 


> 
i 
a 
$ b 
15 
25 
a bad 
34 
+ 20 
¥ 
4 
A 
* 3 
= 10 \ 
DO 
& 
\ 
5 5 0 
KA 
x00,.00 
x FR 00 ‘4 
e ee 
~ 
a 
ay 
4 


102 W. V. MACFARLANE AND J. D. MEARES 


a b 


Fig. 4. Muscle action potentials below 10° C in different muscle fibres of two muscles. There 
appeared to be two types of fibre, one retaining a spike of about 10 msec duration, the other 
reaching more than 30 msec duration in the cold, between 2 and 5° C. Two muscles are shown, 
each with long and short spikes at low temperatures. Muscle (a) potentials were taken near 
an end-plate and (b) from fibres near the end of the muscle. There was still some notch in (5) 

8° C. Time 20 msec, voltage step 50 mV. 


TaBLE 2. Average Q,, of the main components of frog muscle potentials, derived from mean values 
of 1562 fibres. Exact measurement was not possible at temperatures below 7° C. Where the 
quantity enon as the temperature increases the Q,, is shown as a fraction 


Voltage of 
Resting after- potential 
Temp. membrane Action Spike After-potential above resting After-potential 
(° ©) _ potential potential duration § duration potential below zero 
0-10. 1-02 ca. 3°1 44 ca, 1-08 
41 
11-20 1-03 "1.02 x 1-9 1-9 1-02 
21-30 1-05 1-04 11 15 1-02 
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12-15 msec in the fast fibres. It is possible that around 2° C three types of 
fibre may be distinguished (Fig. 5). Spike duration decreased slowly above 
10° C and the Qj) became less as the temperature rose (Table 2). 
After-potential, There was a notch or oscillation (Fig. 4b) between the 
downstroke of the action potential and the after-potential in muscles at 
temperatures between 15 and 45°C. The notch flattened and lost voltage 


0 5 107520 25 30 35 40 45 50 
Spike duration (msec) 


Fig. 5. Distribution of spike durations at temperatures below 10°C. As the temperature fell 
there was segregation of fast- and slow-recovering fibres. At temperatures below 3° C there 
were some fibres with action potentials lasting more than 40 msec, as well as two other 
groups of fibre. 


_ below 15°C, It reached its greatest depth (2 mV) and duration (4 msec) at 
about 30° C. It has been shown (unpublished observation) that this notch is 
_ abolished by pentobarbitone, iodoacetate and monacrin. | 
Loss of the notch oscillation on cooling made it difficult to measure the © 
transition from repolarization to the after-potential. In heated muscles, how- 
ever, the after-potential maintained a plateau for 2-4 msec before returning 
towards the resting potential. The return of the after-potential to the resting 
_ potential level was not strictly exponential. By extrapolation of the falling — 
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phase and of the exponential parts of the after-potential an estimate of the 
half-time course of the after-potential was obtained. The main after-potential 
was followed by a slow phase of 1-2 mV potential from the resting level. This 
slow potential lasted 120 msec in muscles below 10° C and about 60 msec in 
muscles heated to 40° C, 


Fig. 6. Sartorius muscles of Hyla. Intracellular records of action potentials in different muscle — 


fibres at temperatures from 3 to 40°C. At high temperatures the after-potential was high 
in voltage and short in duration. In the cold the spike was greatly slowed and the after- 
potential abolished. ee 60 msec was ere Time 20 msec, 
voltage step 50 mV. 


The extent of after-depolarization was linearly related to temperature 


(Fig. 7) and it changed at the rate of 9 mV for each 10° C. This rate was a little 
less between 10 and 30° C than over the whole range. In some muscles there 
was a rapid rise of voltage above 35° C (Fig. 7) so that some potentials reached 
50 mV above resting potential. There was often a fall of 3-5 mV in after- 
potential at temperatures above 40° C. 

The duration of the after-potential was greatest at she: 30° C. Above 30° C 
it shortened rapidly and was reduced with a Q,, of 2-8 between 35 and 45° C. 
When the temperature reached 50° C the half-time of the after-potential was 
4 msec. At the same time voltage rose proportionally. Between 10 and 


30° C the after-potential was long and nearly exponential except during its 


first 2 msec (Fig. 6). Its duration became less as the temperature fell, but 
below 10° C the rate of decline increased (Q,, 3-1) till there was no measurable 


potential below 5° C. The slow repolarization phase of the action potential 


' spread out, and fused with the flattened after-potential of cold muscles. 
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_ Multiple discharge of heated fibres. In muscles heated to 38°C or more 
repetitive firing was commonly elicited by a single stimulus. Fig. 8a illustrates 
the high voltage (32 mV) of the after-potential at 38° C with a plateau lasting 
5 msec and the 10 msec half-time of the after-potential. A slightly higher 
voltage after-potential (40 mV) gave rise to a second spike from the peak of 
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Temperature (° C) 
Fig. 7. Difference of voltage of after-potential from resting potential (@) and duration of after- 
potential ( x ) as half-time of the first phase of the after-potential, plotted against temperature. 
_ Two muscles from autumn frogs are recorded. The duration of the after-potential increased 
rapidly up to 10° C, and above 30°C duration became shorter. The voltage increased with 
increase of temperature, throughout, though the rate of increase was greater above 40° C. 


the after-potential plateau (Fig. 8b). Following the application of a further 

| stimulus (Fig. 8c), more rapid spontaneous repetitive activity at a frequency 

_ of 250/sec developed but only low voltage discharges resembling local responses 
formed after the first spike. 


DISCUSSION 
Changes in the voltage of resting and action potentials with temperature occur 
in all muscles but they are relatively small. Nastuk & Hodgkin (1950) also 
observed @ rise of resting potential between 6 and 17° C. The two most thermo- 
labile processes in the electrical behaviour of muscle fibres are the voltage and 
- duration of the after-potential, and the duration of the action potential 
(particularly the repolarization phase) at low temperatures. Temperature could 
bring about these changes by altering membrane properties, by moving the 
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point of ionic equilibria or by altering the amount of energy available either 
to maintain the membrane or to transfer ions. 

The simplest hypothesis to account for modification of the after-potential 
by temperature is that it represents energy-dependent ion movement. There 
is evidence from the action of inhibitors of oxidative phosphorylation that 


Fig. 8. At 38°C a single stimulus induced repetitive aring of & muscle fibre. (a) High voltage | 


after-potential with the notch and plateau well developed. (6) From the plateau a spontaneous 
second spike developed with a slow-rising depolarization; the notch was smaller and repolari- 
zation was more rapid after this. (c) The same fibre, with spontaneous local responses at 
4 msec intervals, after the spike induced by one stimulus. Time 20 msec, voltage step 50 mV. 


after-depolarization in muscle may be maintained by supplies of high-energy 
phosphate (Macfarlane & Meares, 1955, 1958). Both voltage and duration of 
after-potential would therefore be expected to respond readily to temperature 
changes. The 40-50 mV after-depolarization of heated muscle suggests rapid 
ion transfer, and the depolarization may be sufficient to give rise to multiple 
spikes or local responses. This resembles the effects produced by veratrine. 
When the membrane potential is at —40 mV, by the action either of heat or of 
veratrine, inward carriage of Na+ is initiated. The difference between the action 
of the two agents is considerable, however. Heat not only produces a high 
voltage after-potential but it also shortens the total duration. Veratrine 
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prolongs after-potentials which last 0-5-1 sec. The action of heat could be 
accounted for on the hypothesis that active inward transport of K+ (or outward 
transport of Cl-) was initiated earlier as energy was made avilable at higher 
temperatures. This could result in a high voltage after-potential. The work 
period initiated by the spike would be finished earlier at a high temperature, 
so that the after-potential would last only a short time. This suggests that 
a relatively fixed amount of work (e.g. K+ replacement) would be done per 
impulse and this is performed at rates proportional to the temperature between 
15 and 45° C. In the cold (below 10° C) it seems probable that less total work 
_ is done. This could arise from slow release of adenosine triphosphate (ATP) or 
creatine phosphate (CrP) energy from stores of those substances, or from their 
slow utilization. Ling (1952), for instance, could find no appreciable loss of CrP 
and ATP from muscle at low temperatures. ae 

Hodgkin, Huxley & Katz (1952) found that the rate of change with time of 
the inward Nat current of squid axon was increased sixfold by raising the 
temperature from 6 to 22° C. This gave a Q,, of 3-0. This agrees with the Qj, 
for the reciprocal duration of the action potential of the muscle spike. The 
time course of the outward (K+) current of the spike may be considerably 
prolonged in the cold in some fibres. It is not clear why the K+ current should 
be more affected by temperature than the Na+ current. 

At least two types of fibre may be present in sartorius muscle, since spikes 
of long and short duration are found in the cold. There is a range of diameters — 
from 80 to 150 1 amongst fibres in the muscle and there may be some red fibres 
amongst the white. But there is no indication as to which structural fibre 
types were impaled. | 

The notch between after-potential and the falling phase of the spike appears 
to be a real event and not an artifact, since, for instance, it is reversibly 
abolished by cold. It is unlikely to be an oscillation brought about by induct- 
ance effects. Probably the notch is the algebraic sum of two processes 
of different velocity, one increasing the resting potential and the other 
decreasing it. One of the processes (that decreasing resting potential) is 
reduced and finally eliminated by cooling. This would produce the smooth 
transition from falling phase to after-potential found below 10° C. Narcotics 
have an effect similar to cold. The notch could be accounted for if the outward 
diffusion of K+ were interrupted suddenly by active inward transport of Kt 
at this point. In the cold, active transport would decrease and so produce 
@ smooth transition to resting potential without an after-potential. The 
resting potential of nerve and muscle appears to result from differential ionic 
permeabilities (Hodgkin & Huxley, 1952). But as Gerard (1932) and Ling & 
Gerard (1949) have claimed, metabolic energy is required either to maintain 
the structure and properties of thg membrane or to assist in ion migration. 
Part at least of the resting potential (about 25 mV) appears to require oxidative 
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energy. The Q,, of the resting potential of frog muscle is low (1-04) which 
suggests only slight dependence upon energy supplies. The frequent decline of 
resting potential observed at temperatures above 35° C (while excitability, 
conduction and contraction are unimpaired) may be due to greater perme- 
ability of the heated membrane. Below 10° C it is likely that the metabolic 
maintenance of potential is reduced, with loss of some of the labile 25 mV of 
the membrane potential (Ling & Gerard, 1949). This does not always occur. 
The linear decline of active membrane potential above 25° C may represent 
inability of the Nat carriage system to maintain a sufficiently high differential 
rate of Na+ movement inwards or the outward diffusion of K+ may begin 
earlier in heated muscles. Some of the reduction of active membrane potential 
could be due to the cathode follower system, but in the hottest muscle the rise 
time was not below 0-4 msec, while detectable reduction of amplitude by the 
recording system occurred with square waves shorter than 0-3 msec. Ishiko 
& Sato (1957) report that the ‘active membrane potentials’ of Japanese 
toads decline as temperature rises from 10° C, so that sodium carriage may be 
differently influenced by temperature in different species. 

The after-potential voltage changes proportionally to temperature, but the 
resting and action potentials as well as the duration of the after-potential, 
show maxima in the 25-35° C region. These observations suggest the energy 
dependence of the 


SUMMARY 
1 Matcaniltitae records of resting, action and after-potentials were site 


over a temperature range from 0 to 45° C in sartorius muscles of Hyla coerulea. 
Some records were obtained at 50° C. 


2. There was a slight increase of resting potential from 0 to 38° O, but above © 
38° C it was usually reduced in voltage. Some muscles maintained voltage in — 


both heat and cold. Active membrane potentials declined above 25° C. 

3. The duration of the action potential increased below 10° C with a Q,, of 
2-7 to 4-1. There seem to be two types of fibre in the sartorius muscle, one 
repolarizing more than twice as rapidly as the other in the cold. 

4. The voltage and duration of the after-potential changed with tempera- 


ture. Below 5° C the after-potential was lost. It increased in voltage above 


resting potential linearly with temperature. Above 35° C it often gave rise to 
repetitive firing. The duration of the after-potential reached a maximum at 
35-38° C then shortened rapidly. 

5. The after-potential of muscle is thermolabile and its ‘ilistven: suggests 
that active ion transport is involved in its production. 


We are grateful to Mr L. Moore for electronic construction and maintenance, as well as for his 
valuable contributions to the design of apparatus. We wish to acknowledge the assistance of the 
Australian National Health and Medical Research Council in making grants available for this work. 
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THE ELECTROPHYSIOLOGICAL IDENTIFICATION 
OF SINGLE NERVE FIBRES, WITH PARTICULAR 
REFERENCE TO THE SLOWEST-CONDUCTING 
VAGAL AFFERENT FIBRES IN THE CAT 


| By A. IGGO 
From the Department of Physiology, University of Edinburgh 


(Received 17 November 1957) 


Although there are many unmyelinated afferent axons in the peripheral nerves 
of mammals there is very little known either about their behaviour or about 
the receptors with which they are connected. Myelinated fibres, on the other 
hand, have frequently been studied as single units. This situation is due to the 
difficulty of isolating the unmyelinated fibres as single units for electrophysio- 
logical recording. Activity in unmyelinated afferent fibres has been recorded 
in multifibre preparations, notably by Zotterman (1939) and Maruhashi, 
Mizuguchi & Tasaki (1952). Only occasionally did these authors succeed in 
analysing activity in individual fibres. Douglas & Ritchie (1957a, 6) have 
recently succeeded in detecting C fibre activity in whole nerves. 

Because of this lack of information about individual unmyelinated fibres it 
was decided to follow up the observation (Iggo, 19565) that afferent fibres with 
conduction velocities as low as 1-3 m/sec could be isolated as single units from 
the cervical vagus of the goat. In addition to measurements of conduction 


velocity other tests were used in an attempt to decide whether the fibres were. 


unmyelinated. New methods for identifying single fibres in a multifibre strand 
are described. With the aid of these methods and by refinements of the usual 
dissection methods very slowly conducting fibres have now been isolated in the 
cat. Evidence is presented for the conclusion that most of these fibres were 


probably unmyelinated. Preliminary reports have already appeared (Iggo, _ 


19566, 1957c). The gastric and intestinal receptors for which these figures were 
the centripetal axons are described elsewhere (Iggo, 1957 a, 6). 


METHODS 
electrical recording have been fully described in previous papers (Iggo, 1955, 19574). The general 
arrangement of the stimulating and recording electrodes is shown in Fig. 1, All the stimuli, S,, 


a 
4 

A 

a 

ng 

a 

a 


SINGLE C FIBRES 111 


8, and Sy were locked to the time base of the oscillograph and could be pre-set in any desired 
position. The electronic circuits which provided ‘locked‘ stimuli and ‘expanded’ time-base 
facilities have been described by Dickinson (1950) and Paintal (1953). 


Neck Thorax Abdomen 


[ 
Ss 


: fibres in multifibre strands and to measure conduction velocities in different parts of the vagus. 

R, recording electrodes under a fine strand dissected from the upper cervical vagus; S,, 9, 
and S, positions of the stimulating electrodes; N, nodose ganglion. 


| RESULTS 
Identification of individual fibres in a multifibre strand 
Attempts to measure the conduction velocity in selected axons have previously 
been hindered by the need to isolate single live fibres. Single fibres have now 
been identified and examined in strands containing several live axons. Two 
methods which have made this possible ‘are the ‘collision’ technique and the 
‘peripheral stimulus’ technique. 


The ‘collusion’ technique 


With this technique it was possible to identify in a iiasiinias action 
_ potential, generated by as many as fifteen fibres, the contribution of a single 
fibre which could be activated independently of the rest of the fibres. The 
conduction velocity in the single fibre could then be assessed in the manner 
to be described. 

Since two impulses travelling towards each other in an axon are extinguished 
when they collide, it is possible to block an impulse coming up from the 
receptor (orthodromic impulse) by sending an impulse down the fibre (anti- 
dromic impulse) at the right time (Fig. 2). 

_ Orthodromic impulses. To recognize that an impulse had been lost in this 

way it was necessary to have a well defined pattern of activity. Two sources 
of orthodromic impulses were used: (a) excitation of the receptor by a natural 
stimulus to give a regular series of impulses in the afferent fibre (Fig. 3); and 
(b) electrical stimulation of the nerve near the receptor (Fig. 4.4). This method 
was used when there was only a brief irregular burst of impulses in response 
to a natural stimulus or when the conduction velocities in the proximal and 
distal parts of the axon were to be compared. 

Antidromic impulses. The cervical vagus was stimulated electrically (S, in 
Fig. 1), at various intensities, some distance below the recording electrodes 
(R in Fig. 1). In this way a controlled source of antidromic impulses in some 

or all of the fibres in the strand dissected from the vagus was available. The 
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impulses which travelled up the vagus from the stimulating electrodes were 
recorded as a compound action potential and used to indicate which of the 
fibres in the strand were excited by the shock. 


Fig. 


re A O (expected) 
$y + ¥ + 
b 0; A O, (expected) 


Receptor 


& 
Time 

2. The principle of the ‘collision’ technique. In both a and b the distance along the nerve 
is shown on the ordinate, with the same abbreviations as are used in Fig. 1, and the time is 
shown on the abscissa; arrows show the direction in which impulses travel. 

a: Both the antidromic (A) and orthodromic (Q) impulses are initiated by electrical stimuli. 
When the nerve is stimulated through 8S, at time t, the antidromic impulse reaches the lower 
electrodes just as the orthodromic impulse initiated there begins to ascend. The impulses 


_ collide and the orthodromic impulse is blocked. Any antidromic impulse initiated later than 


t, will collide in this way. 

b: The antidromic impulse is initiated electrically and the orthodromic impulses (O,, O, and 
O,) are part of a regular series of impulses coming from the receptor. Any antidromic impulse 
initiated between ¢, and ¢, will collide with and block O,. Antidromic impulses initiated 
between ¢, and ¢, will reach the receptor before O, starts, leading to a delay in the initiation 
of O, and a ‘re-setting’ of the natural rhythm. 


The principle of the ‘collision’ method is illustrated in Fig. 2 and an example 
is shown in Fig. 3. Collision can occur only if the antidromic impulse does not 
reach the lower stimulating electrodes (S,) in Fig. 2a, or the nerve ending in 
Fig. 26, before the orthodromic impulse has started to ascend. If there is to 
be a collision the longest time by which the shock through S, can precede the 
expected arrival of the orthodromic impulse at S, is given by (¢, —t,) in Fig. 2c. 
This interval is twice the time taken for an impulse to travel from S, to S, in 
Fig. 2a. | 
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where d is the distance from 8, to S, and v is the conduction velocity in the 
fibre. 

The lowest frequency of orthodromic impulses at which a random antidromic 
impulse will always collide with an orthodromic impulse is given, so long as an 
appropriate adjustment is made for the effect of the refractory period, by the 
equation 


This relation has been used by Douglas & Ritchie (1957 a) to make an estimate 
of the frequency of firing in individual fibres in whole nerve trunks. 
Antidromic impulses which start earlier than ¢, in Fig. 2 will have effects 
which depend on the origin of the orthodromic impulses. If they are initiated 
by electrical stimulation of the nerve trunk (S,) then the early antidromic 
impulses will not interfere with the passage of orthodromic impulses except 
for a slight effect on the conduction time and an effect on the threshold for 
electrical stimulation (S,;) by those impulses which pass S, just before fz, 
i.e. during their relative refractory period. The situation is quite different if 
the orthodromic impulses come from the receptor and form a regular series 
(Fig. 3). Those antidromic impulses which are too early to collide will cause 
a ‘re-setting’ of the rhythm. Matthews (1931) has previously described this 
effect. The rhythm is ‘re-set’ by a single antidromic impulse in the sense that 
the next orthodromic impulse after the antidromic impulse is delayed beyond 
the time it was expected. This delay arises because the antidromic impulse has 
- interfered with events at the receptor. The antidromic impulse takes d/v sec 
to travel from S, to the receptor and has an effect on the rhythm identical 
_ with that of an hypothetical orthodromic impulse which left the receptor when 
the antidromic impulse arrived. The hypothetical impulse would take d/v sec 
to reach S,. The next actual orthodromic impulse at S, would be expected at 
the normal interval after this hypothetical impulse. Thus the delay caused by 
interference at the receptor would be (¢,—t,) +2d/v sec, where ¢, is the time at 
which the preceding orthodromic impulse reached S,, ¢, is the time at which 
the antidromic impulse is initiated, d is the distance from the receptor to S, 
and v is the conduction velocity in the fibre. 

Both collision and interference at the receptor will cause a gap in the regular 
series of orthodromic impulses. The gap caused by collision is due to the failure 
of an orthodromic impulse to reach the recording electrodes and always equals 
twice the interval between impulses, i.e. 2/f sec (Fig. 3B). It is therefore easy 
to recognize. The gap caused by interference at the receptor equals the ‘re- 
setting’ delay plus the normal impulse interval; it is (t,—t,)+2d/v+1/f. This 
gap may, with very early antidromic impulses, and especially if 1/f > 2d/v, be 
difficult to distinguish from normal fluctuations in impulse interval. Because 
of this it is preferable to send in the antidromic impulses at a time which will 
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ensure that collision is possible (see (3) below). ‘Re-setting’ was not noticed 
with the gastro-intestinal fibres, which were slowly conducting and for which 
f>v/2d. Both collision and ‘re-setting’ were recorded with a pulmonary 
stretch fibre, v=36 m/sec, where f <v/2d at frequencies about 40/sec. 


the collision technique: 

(1) A single active unit in a strand of the sania vagus was isolated without 
attempting to carry the dissection to the point of having only a single live 
fibre left. 


. Fig. 3. Identification of an active afferent fibre in a multifibre strand by the collision of antidromic 
4 and orthodromic impulses. In each record the upper time marks, at 0-1 sec intervals, refer to 
4 the upper tracing which shows the activity in a pulmonary stretch fibre recorded with a 
stationary cathode-ray beam; the lower time marks, at 1 msec intervals, refer to the lower 
tracing which shows the compound action potential set up by a stimulus through S,, recorded 
4 with a moving spot. The lower tracing corresponds to that part of the upper tracing which 
a is underlined. 

A, weak stimulus causes no change in stretch fibre activity but provokes a compound action 
potential, showing the existence of viable but quiescent fibres in the strand. B, C and D, 
the stimulus intensity was raised above that in A and kept at this new value in each record. 
B, the cervical shock, S,, is followed by a gap in the train of impulses. C, when a natural 
impulse travelled past the electrodes S, about 1 msec before the shock S, was sent in, the 
compound action potential was identical with that in A and there was no gap in the train 
of impulses; i.e. the centripetal axon from the pulmonary stretch fibre was refractory. D, the 
3 full compound action potential recorded when the nerve was silent, and used for conduction 
4 : velocity measurements. This ensured that there was no chance for slowing in the relative 
a refractory period to give spuriously low conduction velocities. 

The area of the potential above the dotted line in 3B and D is contributed by a single fibre, 
- the fibre carrying impulses from the pulmonary stretch receptor. 
The stimulus artifact is marked, S, in this and in subsequent figures. 


The following procedure was found - be the most convenient way of using 
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(2) If the orthodromic impulses were initiated by S, the time base was triggered 
manually and the velocity of the time base was adjusted until the orthodromic 
impulse was at the right-hand side of the screen of the cathode-ray tube (Fig. 4). 

If a natural series of orthodromic impulses were used the time base was 
triggered by an orthodromic impulse and the velocity of the time base 
adjusted until the next orthodromic impulse was at the right-hand side of 
the screen. 


(3) The shock, S, was sent in soon after the start of the sweep and the stimulus 
intensity was found which just caused the orthodromic impulse to disappear. 
With fast fibres it was necessary to move S, close to the second orthodromic 
impulse to obtain collision, i.e. for fibres in which f <v/2d, 


(4) The compound action potential was examined at the critical S, size. When 
a correspondence was observed between the absence of the. orthodromic 
impulse and the presence of a fixed increment on the compound action potential 
(and vice versa), then this increment was taken as — generated in the fibre 
from the active receptor (Fig. 3). 


(5) With most fibres, records were taken of the effect of sending antidromic 
impulses in at random after the fibre had been identified (Fig. 3). 


The ‘collision’ method proved to be relatively easy to use. It did not require 
the accurate prediction of the time at which orthodromic impulses would be 
expected to pass the S, electrodes. The two events to bé watched took place 
at different parts of the screen, so that confusion was avoided. Paintal (1953) . 
-has used the refractory period of orthodromic impulses to identify which fibre 
in a multifibre strand came from a particular receptor. Paintal’s method 
cannot be used satisfactorily with strand containing more than three or four 
fibres. It has been used in Fig. 3C to test the collision technique. In this 
record the antidromic stimulus (S,) happened to fall just after an orthodromic 
impulse has passed the stimulating electrodes. As a result the axon was in the 
relative refractory state and was not excited by the shock. The increment on 
- the compound action potential above the dotted line in Fig. 3D was absent in 
Fig. 3C; moreover, there was no gap in the regular series of impulses in Fig. 3C. 
It was apparent that this increment on the compound action potential arose 
from an impulse in the centripetal fibre from the active receptor, a conclusion 
already reached from Fig. 3.4, B. 

The ‘collision’ technique is of particular value where difficulty is found in 
isolating single live fibres, that is, small fibres, because it reduces the amount 
of dissection needed. With very fast fibres, especially when f<v/2d, it is less 
useful; these are the circumstances in which it is relatively oanr to isolate 

single live fibres. 
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The ‘peripheral stimulus’ technique 

A single unit was isolated in a strand containing several live fibres and the 
stimulating electrodes (S, in Fig. 1) were placed as close as possible to the 
receptor. A shock through S, usually excited only one of the fibres in the 
strand on the recording electrodes. The method is illustrated in Fig. 4 with 
a gastric mucosal fibre. In this experiment the strand contained two live fibres 
as shown in Fig. 4D; a shock through S, on the cervical vagus initiated the 
impulses marked X and Y. However, only one of these fibres was excited by 
a shock through S,. The impulse initiated by S, reached the recording electrodes 


2 


Fig. 4. The identification, in a strand dissected from the cervical vagus, of the centripetal fibre 
from a gastric mucosal receptor. Fibre no. 46. Stimulating electrodes S, and S, (Fig. 1) 
were used. The tracing A was recorded with a slow sweep velocity and shows the S, artifact 
and the impulse initiated by the shock. Tracings B, C and D correspond to the underlined 
part of tracing A; in these records the sweep velocity was higher. Tracings C and D show also . 
the S, artifact and impulses initiated by this shock, which was stronger in D than in C. 

The conduction velocity of the fibre Y was 5 m/sec in the cervical vagus and 1-7 m/sec in 
_ the abdomen and thorax. The upper time marks, 0-1 sec intervals, refer to A and the lower 
time marks, 10 msec intervals, refer to B, C and D. — 
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when the faster-conducting fibre, X, was excited at S, (Fig. 4C) but failed to 
do so when the slower-conducting fibre, Y, was also excited at S, (Fig. 4D). 
This failure of the impulse initiated at S, to reach the recording electrodes in 
the latter instance was due to its collision with an antidromic impulse, 
initiated at S,, m the fibre Y. The probable explanation for this result is that 
in a random sample of a few fibres from the cervical vagus (say 10 from more 
than 30,000), such as are taken when a fine strand is dissected, there is likely 
to be only one which enters the vagus in a fine peripheral branch in the 
abdomen. 

The identity of the fibre could be checked by comparing the size and shape 
_ of the action potentials initiated by electrical stimulation of the peripheral 

vagus and by normal excitation of the receptor. 


Tests of the single unit response 


The most convincing evidence that the electrical activity, which fotos the 
basis of the conduction velocity measurements, came from single nerve fibres 
is that the response to electrical stimulation was all-or-none and that if an 
electrical shock fell in the absolute or early relative-refractory period of a 
natural impulse the spike disappeared as a unit leaving the rest of any C wave 
in the compound action potential unchanged. At no time was any fractionation 
of the action potential spike seen, such as would be esses if the activity 
arose in several fibres. 


_ Accuracy of the conduction velocity measurements 

The method of Blair & Erlanger (1933), as developed by Paintal (1953), was 
used to measure the conduction velocity in single fibres. The velocity was 
calculated from the time taken by an impulse to travel the known distance 
from the stimulating cathode (S, in Fig. 1) to the recording electrodes (R in 
Fig. 1, see also Fig. 4). The use of a single conduction distance may introduce 
errors due to the variable shock-response delay (Blair & Erlanger, 1933)—this 
can be minimized by using shocks well above threshold—and to the impulse not 
arising precisely at the cathode (Rushton, 1949). To estimate the size of the 
cumulative error the conduction velocity in single axons was measured from 
two positions of the stimulating electrodes on the cervical vagus (S, and 8, 
in Fig. 1). The time taken for an impulse to travel from S, to 2 was longer than 
_ the time taken to travel from S, to R by the conduction time between S, and §,. 
The difference was used to compute a third value for the conduction velocity. 
The three values are compared in Table 1 for ten fibres of widely differing 
conduction velocities. In a uniform fibre the most accurate estimate of velocity 
is probably that derived from the conduction time between the stimulating 
electrodes (S, and S,). On this assumption the use of a single conduction 
- distance led to a consistent over-estimate of the conduction velocity. The error — 
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was greatest when the conduction distances were short. The conduction veloci- 

ties were so much higher from the proximal than from the distal electrodes for 
three fibres (45, 50 and 55) that a real difference in conduction velocity seems 
to be the most reasonable explanation. Evidence is presented later to show 
that this does occur with some fibres. This change in conduction velocity could 
be held to account for the isolation of single slowly-conducting fibres. Thus the 
fibres could be myelinated at the recording electrodes, lose their myelin sheaths 
distal to the electrodes but still have conduction velocities in the C range (see 
section on Type of Fibre, p. 120). However, for each of the fibres 47, 51 and 52 
the conduction velocities derived from the three measurements agree closely. 


TasLe 1. A comparison of three estimates of the conduction velocity in ten single vagal fibres. — 
The velocities were computed from v =d/é; in columns I and II, d is the distance from S to R, 
and ¢ is the time interval between the stimulus artifact and the arrival of the impulse at RF; 
in column III, d is the distance between S, and S,, and ¢ is the difference between the con- 
duction times in columns I and II. The arrangement of the electrodes is shown in Fig. 1 


Conduction velocity (m/sec) 
I, Il, 
Fibre S,-R 
no, Receptor (19-25 mm) (47-565 mm) __sby difference 
44 Pulmonary inflation -. 34 33-5 32-4 
43 Pulmonary inflation 19-6 19-2 18-5 
54 Pulmonary inflation 17-6 16-9 16°5 
53 Gastric mucosal 2-8 2-6 2-4 
50 Unidentified 2-0 1-5 1-2 
55 Gastric mucosal «218 1-5 1-3 
45. Oesophageal tension 1-4 1-1 1-0 
47 Gastric tension 13 1-2 1-1 
- §2 ~~ Gastric mucosal 1-2 1-1 1-0 
51 Gastric tension 1-1 1-05 1-0 


Hence, it may be concluded that for these fibres there was no abrupt change 
in conduction velocity, i.e. they were uniform along their length from 8, to R. 
Because of their low conduction velocities these fibres were almost certainly 
unmyelinated. Thus it follows that they were unmyelinated at the recording 
electrodes. Fibre 50, on the other hand, was so much faster from S, to R than 
from S, to S, that the possibility that it was myelinated at R must be con- 
sidered, even though the velocity between S, and S, was only 1-2 m/sec. 

A further source of error is slowing in the relative refractory period. This 
could occur if the shock to the vagus followed immediately after an impulse 
had passed the stimulating electrodes and could be avoided quite simply by 
not using such records for the conduction velocity measurements. In this 
paper only big differences of conduction velocity are considered relevant; 
errors of 10%, such as might arise when single conduction distances are used, 
do not invalidate any of the conclusions. | 
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The conduction velocity in different groups of vagal fibres 

The fibres, which are grouped according to the type of receptor, were dis- 
sected from the right cervical vagi of twenty-five cats. 

Respiratory and cardiovascular afferent fibres. Several fibres from respiratory 
and cardiovascular receptors were isolated in order to test the methods used 
to investigate gastric and intestinal afferent fibres. The conduction velocities 
fell within those reported by Paintal (1953), that is, pulmonary inflation 
receptors (slowly adapting) 19-50 m/sec, atrial receptors 10 and 15 m/sec, 
systemic baroceptor 13 m/sec. | 
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Conduction velocity (m/sec) 


Fig. 5. Conduction velocities in single fibres dissected from the cervical vagus of the cat. 
A, centripetal fibres from gastric mucosal chemoreceptors; B, centripetal fibres from gastric 
and intestinal ‘in series’ tension receptors. The cross-hatched areas represent conduction 
velocities in the abdomen and thorax (8, to S, in Fig. 1); and the areas bounded by thick 
lines the conduction velocities in the cervical vagus (S, to R in Fig. 1). With two exceptions, 
both mucosal units, the conduction velocities were below 2-5 m/sec. 


Fibres from mechanoreceptors in the stomach and intestines. These include the 

_ slowest single mammalian fibres in which conduction velocities were measured. 
_ The results are given in Fig. 5B. There were no gastric or intestinal ‘in series’ 
tension receptors with centripetal fibres faster than 2-5 m/sec. One faster fibre 
(7-5 m/sec) came from an ‘in series’ tension receptor at the lower end of the 
oesophagus. Andrew (1957) has found similar receptors in the upper oeso- 
_ phagus and their conduction velocities were probably even higher. The only 
gastric ‘stretch’ receptor found in the present investigation had a centripetal 
fibre in which the conduction velocity was 1-0 m/sec (Fibre 38). The receptors 
are described.in other papers (Iggo, 19574, 6). | 
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Fibres from chemoreceptors in the gastric mucosa. Two classes of receptors, 
distinguished by their sensitivity to the pH of solutions bathing the gastric 
mucosa, have been described (Iggo, 19576). The conduction velocities in the 
centripetal fibres from two acid-sensitive receptors were 1 m/sec (Fig. 5.4) 
which is the same as for the tension receptors. The other results shown in 
Fig. 5A are from alkali-sensitive receptors. Five of the fibres with conduction 
velocities in the range 1-1-2 m/sec in the abdomen and thorax had conduction | 
velocities in the range 1-3-5 m/sec in the cervical vagus. 

Conduction velocity in different parts of individual axons 

An impulse may travel more quickly in the proximal than in the distal part 
of the vagus. A particularly striking example is shown in Fig. 4. The fibre 
generating the impulse Y had a conduction velocity of 5 m/sec in the neck 
but a velocity of only 1-7 m/sec in the thorax and abdomen. The figure also 
shows how the ‘collision’ technique was used to ensure that the two measure- 
ments were made on the same fibre. A comparison of the conduction velocity 
in the distal vagus with the velocity in the proximal vagus for nineteen axons 
is made in Fig. 6. An increase in velocity of the impulses as they travelled 
headwards was most common in the more rapid fibres of the slow fibres; faster, 
that-is, than 1 m/sec. Most of these particular fibres came from Maer yeneyive 
receptors in the gastric mucosa. 

These results suggest that the diameter of some fibres is greater in the 
proximal than in the distal vagus, and that some small myelinated fibres lose 
their myelin sheaths on their way to the periphery. The large myelinated fibres 
examined had uniform conduction velocities in the cervical vagus (Table 1). 


Type of fibre 

The conduction velocity of impulses in peripheral nerves is related to axon 
diameter and is commonly used as such an index in electrophysiological studies. 
Most of the slow fibres described in this paper had conduction velocities below 
2-5 m/sec. This is the maximal velocity of the C wave of the compound action 
potential in the cat (Gasser, 1950) and for this reason 48 of the 51 fibres from 
_ the stomach and intestines would be regarded as unmyelinated. Several other 

properties related to fibre diameter were examined to test this hypothesis. 
Duration of the action potential spike. Valid measurements of the duration 
of the action potential spike can be made either if monophasic action potentials 
are recorded or if the recording electrodes are far enough apart to prevent 
_ interaction of the potentials recorded at each electrode as the impulse travels 
past them. Attempts to make the action potential monophasic by blocking 
the nerve at the second recording electrode with 50 mm- -Mg(l, in Ringer—Locke 
solution failed. A drop of 1% (w/v) KCl solution on the second electrode 
blocked the fast fibres but not the slow fibres. Some results for fast fibres 
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(> 10 m/sec) are plotted in Fig. 7. The difficulty in blocking conduction is 
attributed to the liquid paraffin (B.P.) around the nerve preventing access of 
solutions to fibres in the strand. The second way to measure the duration of 
the action potential in slow fibres could not be used. On the basis of previous 


Conduction velocity in proximal vagus (m/sec) 


1 | 2 3 
Conduction velocity in distal vagus (m/sec) 

Fig. 6. Conduction velocity of single fibres in the proximal part of the vagus plotted against the 
velocity of the same fibres in the peripheral part of the vagus. The diagonal line indicates 
position of points when velocities were equal. © =in these fibres the velocities compared are 
for the distance S, to R (proximal) and S, to S, (distal); @ =the proximal vagus is S, to R 
and the distal vagus is S, to S,. 


estimates of the spike duration in C fibres (e.g. Gasser, 1950) a distance of only 
4-5 mm between the recording electrodes would be sufficient to separate the 
two components of the diphasic action potential in the slow fibres. However, 
by the time that a single slow fibre had been isolated only a fragile short length 
of nerve was left and such an inter-electrode distance was impracticable, The 
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durations of the action potential spikes of slow fibres plotted in Fig. 7 are 
minimal values obtained from spikes which were monophasic because the 
impulse did not reach the second recording electrode, presumably because the 
fibre was damaged. 


3r 


Duration of action potential spike (msec) 
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Conduction velocity (m/sec) 


Fig. 7. The duration of the action potential spike in single fibres dissected from 
the cervical vagus: each point represents one fibre. 


The results plotted in Fig. 7 show that there was a gradual increase in the 
duration of the spike for fibres with conduction velocities below 10-15 m/sec, 
with no inflexion at 2-5 m/sec. An inflexion would be expected if the action 
potentials of the unmyelinated fibres were distinctly longer than those of the 
smallest myelinated fibres. In previous work on slow fibres (summarized by 
Grundfest, 1940), in which whole nerve trunks were used, it was possible to 


examine only the fastest fibres of any type so that this gradual increase in the 


- duration of the action potential of the slow fibres was not noticed. 

Duration of the local excitatory state. This was measured in three slow fibres 
(less than 2-5 m/sec) and one fast fibre (35 m/sec). The slow fibres could be 
excited by a second, just subthreshold, shock as late 0-8-1-1 msec after the 
conditioning, just subthreshold, shock. This was much longer than in the fast 
fibre; where the local excitatory state lasted only about 0-2 msec, and is less 
than that found by Grundfest (1939) for the C wave of the compound action 
potential. No fibres with intermediate conduction velocities were examined. 

Threshold for electrical stimulation. Accurate measurements of threshold 
were not made. Without exception, however, the voltage of the stimulus 
needed to excite the very slow fibres was at least twenty times larger than that 
needed to excite the fastest fibres. 
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Amplitude of the action potential spikes.. This was often unexpectedly large 
from the slow fibres, being as much as 100 pV. It is not at all unusual for fast 
fibres (> 20 m/sec), even in the same strand, to have spike amplitudes less 
than this. Thé amplitude depends so much on the recording conditions that 
estimates of fibre diameter based on a comparison of the spike heights of fibres 
in different strands are unreliable. The observation recorded here emphasizes 
that conclusions reached from such comparisons, even for fibres in the same 
strand, need not be valid. 

None of these tests was sufficient to distinguish between the thinnest 
myelinated fibres and the unmyelinated fibres. ! | 


DISCUSSION 


The general conclusion to be drawn from the results described in this paper is 
that both small myelinated fibres and unmyelinated fibres from specified 
receptors can be isolated im vivo as single units for electrophysiological 


recording. As dissected out, strands from the cervical vagus usually contained — 


a number of live fibres. Only on a few occasions was a strand containing only 
one C fibre isolated. The identification of a single active unit within strands 
containing several fibres was made possible by the ‘collision’ technique and 
the ‘peripheral stimulus’ technique and after these techniques were developed 
no attempt was made to continue the dissection until the strand contained 
only one live fibre. 

The conclusion that the slowest vagal fibres were unmyelinated rests on the 
conduction velocity measurements. It lacks direct histological proof. The 
attempt to settle the question by other electrophysiological tests has done no 
more than confirm that the fibres behaved as slow fibres both in the undissected 
part of the vagus and where they were dissected out in a fine filament. As 
Erlanger (1937) has said ‘conduction rate is used as the base line for comparison’ 
in the study of single fibres because anatomical units cannot be identified with 
the properties observed. Even the elegant single fibre technique of Tasaki 
(1953) fails with unmyelinated mammalian fibres (Maruhashi et al. 1952). 

It may be asked how it is possible to dissect out single units if the unmye- 
linated fibres run together as bundles in a Schwann sheath (Gasser, 1955). 
The answer perhaps lies in Gasser’s demonstration that there is a constant 
interchange of fibres between bundles. Longitudinal dissection of a fine strand 
into finer filaments would break many of the fibres as they passed from bundle 
to bundle. It would then be a matter of chance whether, in the filaments 
obtained by subdividing a long strand, there would be any unbroken C fibres. 

Gasser (1955) presents evidence to show that C fibres conform to the rule 
of isolated conduction and that there is no significant cross-excitation. The 


_ present work supports his conclusion. For example, action potential spikes 


had the same amplitude and configuration at the recording electrodes no 
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matter where along the axon they were initiated. If there were cross-excitation 
then a more distant origin of the impulse should give a greater opportunity 
for interaction between fibres and consequently a larger action potential, since 
more fibres would be carrying impulses. Again, vagal strands were sometimes 
isolated which contained several C fibres from gastric receptors. It was possible 
to excite any one of the fibres by local stimulation of its receptor without at 
the same time initiating impulses in the other fibres by interaction in the nerve 
trunk. When several fibres were active at the same time the impulses behaved 
independently of each other. 

A loss of myelin from vagal fibres was suggested by Gaskell (1886), Langley 
(1900) and Chase & Ranson (1914) to account for the sparsity of myelinated 
fibres in the abdominal vagi compared with their abundance in the upper 
cervical vagus. This may have been, in part, due to the myelinated fibres 
leaving the vagus in its upper thoracic branches, as Gaskell (1886) first noted. 
Some of the electrophysiological results, however, suggest that small mye- 
linated fibres may lose their myelin sheaths. Higher conduction velocities in 
the proximal than in the distal vagus, first seen in the goat (Iggo, 19566) were 
also found in the cat for both myelinated and unmyelinated fibres in the 
cervical vagus. None of the myelinated fibres isolated in the cervical vagus 
had myelin sheaths in the abdomen, as judged by their conduction velocities. 
There is no evidence that the change in conduction velocity was due to 
branching, for it occurred far away from the endings in the alimentary tract 
and yet for each fibre there was only one spot in the gut from which impulses 
could be initiated by the application of the specific stimulus. The simplest 
explanation for this change in conduction velocity is that the fibres became 


smaller as they travelled to the periphery and that, as Langley suggested in 


1900, some of the small myelinated afferent fibres lose their myelin sheaths, 
a long way from their endings. 

Douglas & Ritchie (1957@) have just published a technique, also based on 
the collision of orthodromic and antidromic impulses, which allows them to 
identify the type of fibre active in whole nerve trunks. The accurate localization 
of the receptors, the rate of discharge in individual fibres and the specificity of 
response for individual receptors elude analysis by their method. The ingenious 
technique of these authors may be useful where the more direct approach, 
described in this paper, cannot be made. Their method allows a preliminary 


survey to be made quickly and may yield an estimate of the relative number — 


of fibres from different classes of receptor in a whole nerve. 

The fibres examined in detail came from receptors, described sastihere 
(Iggo, 19574, 6), in the oesophagus, stomach and intestines. The conduction 
velocities were measured in a much larger sample than in previous work, which 
was based on a few single fibres (Paintal, 1954; Iggo, 1955) or on the compound 
action potential generated by fibres which, on electrical stimulation of the 
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cervical vagus, reflexly enhanced gastric movements (Iggo, 1956a). The 
velocities of four single fibres from ‘in series’ tension receptors in the goat, 
2-12 m/sec (Iggo, 1955), were similar to the velocities derived from the 
compound action potentials in the sheep (Iggo, 1956a). They were, however, 
higher than those in the corresponding fibres in the cat as now reported. The 


conclusion (Iggo, 1955) that gastric tension receptors in the cat have myelinated 


afferent fibres is not supported by the present, direct, evidence. There are 
species differences in the number of myelinated fibres in the abdominal vagi; 
they are abundant in the sheep and goat (Iggo, 19564) but are less than 2° 
of the fibres in the cat (Agostini, Chinnock, Daly & Murray, 1957) so that 
myelinated gastric afferent fibres are more likely to be isolated in the ruminant. 
This may not be the reason for the failure to find fast fibres from tension 
receptors in the cat because faster gastric afferent fibres were found in the 
present work. They came, not from tension receptors, but from mucosal 
chemoreceptors (Fig. 5) and included some small myelinated fibres. Paintal 
(1954) reported that the mean velocity in the fibres from the gastric mechano- 
receptors which he isolated in the cat ‘would be about 9 m/sec’. He measured 
the velocity in one single fibre and in several fibres in a strand which ‘apparently 
consisted exclusively’ of gastric afferent fibres. The velocities he gives are 
outside the range for the gastric afferent fibres reported here, although a careful 
search was made for fast fibres from gastric tension receptors. Indeed, many 
tension receptors were discarded when a preliminary test showed that they 


had very slowly conducting afferent fibres. Support for the conclusion that 


tension receptors have unmyelinated afferent fibres comes from the work of 
Douglas & Ritchie (19576). They found that phenyldiguanide, which excites 
the tension receptors (Iggo, 1955, 1957), caused a discharge of impulses in 
C fibres in the abdominal vagus. a Z 


SUMMARY | 
1. Two methods used to identify individual active units in a strand dissected 


_ from the cervical vagus and containing several live fibres are described. 


2. Single afferent fibres with conduction velocities as low as 0-5 m/sec were 
identified in strands dissected from the cervical vagi of twenty-five cats; 48 of 
the 51 fibres had velocities below 2-5 m/sec. The receptors were in the oeso- 
phagus, stomach and intestines. 

3. Several of the fibres had conduction velocities which were higher in the 
proximal than in the distal part of the axon. This was especially noted in 


‘centripetal fibres from alkali-sensitive receptors in the gastric mucosa. 


4. To test the classification of the fibres based on the conduction velocity 
measurements, the duration of the action potential spike, the persistence of 


the local excitatory state and the threshold for electrical stimulation were 
measured. While the results confirmed that the fibres were small, they were 
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not sufficient to distinguish the smallest myelinated from the unmyelinated 
fibres. The inadequacy of the relative amplitude of the action potential spikes 
as a reliable index of fibre diameter is pointed out. 

5. It is concluded that unmyelinated mammalian afferent fibres had been 
isolated as single units for electrophysiological recording. 
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THE ELECTRICAL ACTIVITY OF THE BUNDLE OF HIS 


By JESUS ALANIS, HUGO GONZALEZ anv ENRIQUE LOPEZ* 


From the Department of Physiology of the Instituto Nacional 
de Cardiologia, México 


(Received 12 December 1957) 


The initial purpose of the present study was to find an explanation for the long 
time interval elapsing between the activation of the auricle and the ventricle. 
Considering the fact that the auriculo-ventricular (A.V.) node is a structure 
which the impulse coming from the auricle traverses on its way towards the 
ventricle, it seemed likely that an explanation for the A.V. latency could be 
found by studying its activity. It was also expected that the node should 
reveal its activity through an action potential which in turn could be registered 
by appropriate means. 

Aside from the histological description of the bundle of His given by Kent 
(1893) and His (1893) very little is known about the functional properties this 
tissue possesses, Our present knowledge regarding the physiological properties 
of the bundle of His can very well be summarized by the conclusions reached 
by Kent (1893) in his classical study. Kent demonstrated that the propagation 
of impulse from the auricle to the ventricle is accomplished “. . . by strands of 
altered muscular tissue. ..’, this tissue later appearing in the literature under 
the name of the bundle of His. 

In the course of the present study sufficient evidence was gathered to con- 
clude that the action potential recorded did not legitimately belong to the 
A.V. node, but was due to the activity of the bundle of His. An analysis of this 
action potential was carried out and some of its physiological properties were 


- studied. 


METHODS 


The experiments were carried out on isolated perfused hearts of dogs and cats. The cats’ hearts 
were perfused according to Langendorff’s procedure. The perfusion of the dog’s hearts was done 
through the aorta with blood from another dog which served as a donor. The donor dog was anaes- 
thetized with sodium pentobarbitone (Nembutal, Abbott Laboratories, Ltd., 33 mg/kg body wt., 
1.v.), and heparinized. The technique employed was the modification introduced by Garcia- 
Ramos, Alanis & Rosenblueth (1950) to the method of Heymans & Kochmann (1904). The electrical 
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activity from the interauricular or interventricular septum was recorded through a T-shaped 
incision on the right auricular wall. The edges of the cut wall were everted by inserting small 
stainless-steel hooks. The heart was suspended over a glass funnel which was used to collect the 
overflowing blood and to attach the hooks on its upper edge. The preparation is shown diagram- 
matically in Fig. 1. This technique offers a good exposure of the A.V. groove, the interauricular 
septum and the upper part of the interventricular septum, as well as the orifice of the coronary 
sinus. The anterior edge of the coronary sinus was taken as the main reference to locate the zone, 
where the exploring electrodes should be introduced. The insertion of the A.V. valves was severed 
to facilitate the positioning of the electrodes. 


In the majority of the experiments the heart was stimulated with rectangular pulses, applied 


through a pair of small stainless-steel clamps placed on the upper third of the endocardial surface 
of the auricle. The pulses were provided by a Grass stimulator (Model S4A), passed through an 
isolating unit in order to eliminate the connexion with ground. Usually the stimulation intensity 
was betwen 3 and 5 times the threshold. 


Fig. 1. Diagrammatic representation of the preparation used to perfuse the isolated heart of the 
| dog. D, donor dog; R, perfused heart; C, connecting tube between the carotid artery of the 
donor and the aorta of the perfused heart; Y; connecting tube between the collecting funnel 
and the jugular vein of the donor. The auricle has been opened. Note the orifice of the coronary 
sinus which helps to locate the A.V. node and zone of bundle of His (broken line). 


In some experiments the heart was beating spontaneously, while in others the sino-auricular 
(S.A.) node was crushed so that the A.V. node became the pace-maker. In order to block the 
conduction within the bundle of His it was severed in the upper right angle of the interventricular 
septum, The recording electrodes used were steel needles 4-5 mm long, with their tips sharpened 
to a diameter of 20-50. The other end of the needle was soldered to a thin wire coil (0-1 mm 
diameter). The needles were covered with an isolating material (Polystyrene) leaving only the thin 
tips uncovered. This type of electrodes, which will be referred to as exploring electrodes, proved 
to be very advantageous when the heart was beating, because they easily follow the movement of 
the heart and so reduce the mechanical artifacts to a minimum. 

The potentials were recorded with a double-beam cathode-ray oscilloscope, previously amplified 
__ by a 3-stage push-pull capacity resistance-coupled amplifier. 
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In some experiments the vagus nerves were stimulated. In this case they were left attached to 
the isolated heart and stimulated through Sherrington type electrodes. The stimulation frequency 
varied from 5 to 20 c/s. The substances to be studied were injected directly into the aortic tube of 
the receptor heart. 


RESULTS 


- When the exploring electrodes were introduced into the region where the 


A.V. node and the bundle of His are known to be located a small action 
potential was recorded. The temporal relationships and the characteristics of 
this potential (H potential, Fig. 2) suggested that it neither belonged to the 


200 msec 


Fig. 2. Action potential recorded from the zone of bundle of His. The upper tracing shows the 


electrogram recorded by the exploring electrode: A, auricular electrogram; H potential from 
the bundle of His; V, ventricular electrogram. The lower tracing shows the auricular mono- 
phasic electrogram. The H potential appears when the slow component of the auricular 
electrogram has not yet concluded. The heart was stimulated at a constant frequency. Time 
calibration, 200 msec. | 


auricular nor to the ventricular electrogram. The experimental findings were 
similar in the hearts of cats and dogs. The description will be limited to the 
results obtained with the dog heart preparation, since it proved to be the more 
stable one. 


Zone where the H potential could be registered 
This zone was small, as can be seen in Figs. 3 and 4. In the experiment 
illustrated in Fig. 3, the potential was recorded with one electrode introduced 


' into the region of the bundle of His and the other one placed on the periaortic 


connective tissue, this in turn being led to earth, Another pair of electrodes 
was used, one placed above and the other below the exploring electrode. The 
latter pair did not register the H Benne; it hae showed the auricular 


and ventricular electrograms, 
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Fig. 4 shows the H potential on both tracings, but it did not appear simul- 
taneously, the lower one preceding the upper one by several milliseconds. 
Recordings taken at various points along the bundle of His show that the 
greater the distance from the coronary sinus the later the occurrence of the 
H potential. 


Fig. 3. Zone where the H potential can be registered. The diagram shows the position of the stimu- 
lating and recording electrodes. The lower tracing reproduces the record from the exploring 
electrode (1); the upper tracing the record when the electrodes (2) were placed 1-5 mm above 

_ and below the exploring electrode. The H potential was only seen in the records when the 
electrode was in the zone of bundle of His. Time calibration: 200 msec. 


When the exploring electrode was introduced into the interauricular septum, — 


6 or 7 mm in front of the coronary sinus orifice and 1 mm above the A.V. 
groove, the H potential was registered (Fig. 4, lower tracing). Another explor- 


ing electrode placed in front of the first one revealed a 2 mm broad surface _ 
which extended down to the anterosuperior angle of the interventricular — 
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septum, where the H potential could also be registered. The depth to which 
the exploring electrodes were introduced varied from 1 to 2 mm. 
This localization coincides with that given in the anatomical descriptions of 


_ the bundle of His (Testut, 1924; Lev, Widdraw & Erickson, 1951). The farther 


the exploring electrode was introduced from the orifice of the coronary sinus, 


the longer the interval between the beginning of the auricular electrogram 
and the H potential (Fig. 4). | 


| 


Fig. 4. Time differemees im the Records taken from two different points in the bundle of His. Dog 
heart auricle stimulated at constant frequency. The diagram shows the position of the stimu- 
lating and recording electrodes. The H, potential (lower tracing) was taken from the electrode 
H, nearest to the anterior edge of the coronary sinus; the H, potential (upper tracing) cor- 
responds to the activation of the place situated beneath the H, electrode. Time marker, — 
20 msec. In any part of the region located between these two electrodes it was possible to 
register the H potential. Note the difference between the activation times of H, and H, 
and the similarity of their shape and amplitude. 


The shape and amplitude of this potential were similar in all the tracings 
where it could be detected, and were independent of the site from which they 
were obtained. The H potential may be described as a a wave (Fig. 5); 


| its amplitude varied from 0-8 to 2:0 mV. 


Relationships of the H potential with the auricular and ventricular sloiaceiiie 
The H potential appeared between the auricular and the ventricular electro- 
grams. To make the description easier, the auriculo-ventricular interval _ 


(A-V) — be subdivided into two subintervals, namely; the A-H and H-V 
9-2 
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subintervals (Fig. 2). For the A-H subinterval the mean value was 70-5 msec 


with extremes between 148-0 and 36-0; for the H-V subinterval the mean value 


was 32-0 msec with extremes from 59-0 to 24-0. If the A-V interval is taken 
as 100%, the average percentages belonging to the A-H and the H-V sub- 
intervals were 60-3 and 39-7 msec respectively. 

To prove that the H potential is an independent phenomenon, belonging 
neither to the auricular nor to the ventricular electrograms, the following 
observations were carried out. The 8.A. node was destroyed to allow the heart 
to be activated by impulses fromthe A.V, mode. In this case (Fig. 6) the first 


Fig. 5. Shape of the H potential. The tracing was taken with a pair of electrodes, having a tip of 
30» diameter; separation between the electrodes, 0-7 mm. The pair was introduced into the 
bundle of His, Calibrations, 1-0 mV. and 20 msec. . 


200 msec 
Fig. 6. Independence of the H potential with respect to the auricular electrogram. Dog heart 
(a) before and (b) after destruction of the 8.A. node. In a the auricle was: stimulated at 


constant frequency. In b the 8.A. node had been destroyed and the heart followed the auto- 


matism of the A.V. node with the sequence H-V-A. The H-V interval remained se aia 


mately constant. Time calibration: 200 msec. 
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Fig. 7. Presistence of the H potential after severance of the bundle of His. The drawing illustrates 
the placing of the recording and stimulating electrodes as well as the site where the bundle 
was severed. Records a taken before the severance. After the severance (5), the H potential 
persists without being followed by the ventricular electrogram. Time calibration: 400 msec. 


potential registered was the H potential; it was followed by the ventricular 


electrogram with its usual temporal relationships. The auricle was activated 


somewhat later. In other experiments the bundle was severed at the antero- 
superior angle of the interventricular septum; the tracings obtained (Fig. 7) 
show that the H potential was not followed by a ventricular electrogram. 


Factors which modify the A-H subinterval 
When the auricle was stimulated with increasing frequencies, the A-H 
subinterval became gradually longer. With high frequencies the A-V trans- 
mission failed altogether; the H potential and the ventricular electrogram 
disappeared simultaneously. The lengthening of the A-H subinterval is illus- 
trated in Fig. 8. The average of the maximal increases of the A-H subinterval, 
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expressed as a percentage of the initial value, i.e. the one obtained with low _ 
frequencies, was 142-7 with extreme values between 279-0 and 44-0. The H-V 


subinterval was practically unaffected when the frequency of stimulation was 
raised. The average maximal freqyency which the H potential and the ven- 
tricular electrogram could follow, when the auricle was stimulated, was 
4-52/sec. | 


150 

> 

a 

A-H subinterval 

< H-V subinterval 
., 200 300 400 500 600 


Interval between stimuli (msec) 

Fig. 8. Variations of the A-H subinterval (upper curve) and the H-V subinterval (lower curve) 
produced by the increase of the frequency of auricular stimulation. Abscissae, time interval 
between stimuli (msec). Ordinates, A-H and H-V subintervals (msec). The last dot of the 
curve coincides with the maximal frequency the ventricle was able to follow; the H potential 
also disappeared. 

Mechanical block of A-V transmission 
It was possible to produce an A.V. block by introducing an exploring elec- 
trode into a 2 mm wide region which corresponded to the anatomical localiza- 
tion of the A.V. node. This block was frequently reversible when the exploring 


_ electrodes were removed. The block was evidenced by the simultaneous dis- 
appearance of the H potential and of the ventricular electrogram. _ 


Stimulation of the vagus and the effect of acetylcholine 
The stimulation of the vagus nerve produced a lengthening of the A-H 
subinterval. This lengthening could be observed even if the frequency of 
stimulation of the auricle was kept constant. The degree of lengthening varied 
with the frequency of vagus stimulation; with high frequencies considerable 
lengthenings appeared and the impulses could even be blocked, above the 
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bundle of His, so that the H potential and the ventricular electrogram both 
disappeared (Fig. 9). When acetylcholine was infused at different concentra- 
tions, which varied from 50 to 400 g/min, the results were similar to those 
obtained with vagus stimulation (Fig. 9). Neither vagus stimulation nor 
acetylcholine injections produced appreciable changes in the H-V subinterval. 
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A-H and H-V subintervals (msec) 


0 2:56 7-68 sec 

Fig. 9. Changes of the A-H and H-V subintervals produced by vagal stimulation ( +, 20/sec) and 
by injections with acetylcholine 40 »g/min (@). In both cases the auricular frequency of stim- 
ulation was kept constant. Abscissae, time (sec); the origin represents the beginning of the 
electrical stimulation of the vagus and of the injection of acetylcholine; each symbol on the 
curves represents a cardiac cycle. Ordinates, A-H and H-V values (msec). 


Asphyxia and the modifications of the A-H and H-V subintervals 

When the heart was subjected to periods of asphyxia by the occlusion of the 
aortic cannula, changes in the A-H subinterval were observed which resembled 
those seen when the auricular frequency of stimulation was increased, or 
when the vagus was stimulated, or acetylcholine was injected; that is, the — 
A-H subinterval was lengthened up to the point where the H potential and 
the ventricular electrogram disappeared. The duration of these periods of 
asphyxia varied from 3 to 5 min; the changes were reversible. The duration of 
the H-V subinterval does not vary appreciably during asphyxia. 


The effects of adrenaline is 
The infusion of adrenaline (Adrenaline, Colliere), at concentrations of 
4-30 g/min into the heart, shortened both the A-V and H-V subintervals 
(Fig. 10.4). This was not due to any changes in heart rate since the frequency 
of stimulation was high enough to avoid these changes. The A-H subinterval 
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was shortened by an average of 36-0% and the H-V by 130% as compared — 
with the control. | 

An increase in the frequency of auricular stimulation during constant in- 
fusion of adrenaline produced a lengthenifg of the A-H subinterval, while the 
H-V subinterval shortened further. The limiting frequency which the H poten- 
tial and the ventricular electrogram followed was higher than that followed 
when the frequency was increased before adrenaline had been infused 
(Fig. 10B). 


Fig. 10. A: effects of adrenaline on the A-H, @, and H-V, x, subintervals. Abscissae, time (sec). 
Adrenaline, 10 zg/min, began to be injected at time zero. Each point corresponds to a 
cardiac cycle. Heart stimulated at constant frequency. B: increase of the frequency of 
auricular stimulation during a constant injection of adrenaline. Abscissae, intervals between 
auricular stimuli (msec). Dots, @, control before adrenaline was injected; +, during the 
continuous injection of adrenaline. | 


DISCUSSION 


The zone where the H potential can be registered is well delimited and its 
location coincides with the one to be expected in accordance with the — 
anatomical ‘description of the bundle of His by Kent (1893) and by His 
(1893). When the exploring electrodes are introduced above or below this 
zone or very near to the anterior edge of the coronary sinus orifice it is not 
possible to register the H potential. When the electrode is introduced into 
different places, but following the course of the bundle, the H potential is seen 
in all tracings. This evidence justifies the hypothesis that the H potential 
originates in the bundle of His. It might be thought that this potential 
originates in the A.V. node and is propagated electrotonically in view of the 
fact that the A.V. node is located in the same area where the H potential is 
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recorded. However, the following findings tend to rule out this hypothesis. 
The amplitude of the H potential does not change along the course of the bundle 
of His, whereas in the case of the H potential originating in the node a progres- 
sive reduction in amplitude would be expected when the leads are placed at 
greater distances from the A.V. node. The H potentials derived from different — 
points are not synchronous; a progressive delay occurs along the bundle of His. 
The diphasic responses obtained in the tracings depend on the recording 
method. With a discrete exploring electrode and another diffuse lead, the 
large conducting volume of the heart and circulating blood, monophasic 
tracings cannot be obtained. This technical limitation does not permit a 
measurement of the duration of the H potential. . 


Temporal relationships | 
To explain the H potential interposed between the auricular and ventricular 


-electrograms, the following possibilities can be suggested: (a) that it belongs 
to the auricular electrogram; (b) that it belongs to the ventricular electro- 


gram; (¢c) that it is an independent phenomenon produced by the previous 
activation of the auricle; or else (d) that it follows the activation of the A.V. 
node. The temporal relationships existing between the auricular electrogram 
and the production of the H potential are compatible with the first hypothesis. 


‘When the pace-maker was displaced towards the A.V. node, however, it was 


found that the H potential appeared without being preceded by an auricular 
electrogram. This fact eliminates the possibilities (a) and (c). The suggestion 
that the H potential is a part of the ventricular electrogram can also be elimi- 
nated, since the severance of the bundle of His causes the disappearance of 
the ventricular electrogram but the H potential persists (Fig. 7). 

It may be concluded that the H electrogram represents the activation of the 
bundle of His, and does not require the previous activation of the auricle. It 
belongs neither to the auricular nor to the ventricular electrograms. This con- 
clusion justifies the subdivision of the A-V interval into the subintervals 


_A-Hand H-V. Since the introduction of an exploring electrode into the region 


where the bundle of His is located does not produce block, while the intro- 
duction into the region of the A.V. node may do so, the activation of the 
bundle of His may be attributed to the mney previously originated in 
the A.V. node. 


The influence of the frequency of stimulation on the A-H subinterval 
The lengthening of the A-H subinterval during the increase of the frequency 
of stimulation can be explained in several ways. Since the conduction velocity 
of some cardiac tissues is diminished during the relative refractory period 
(Lewis, 1925) this lengthening could be due to a diminution of the conduction 
velocity of the bundle of His. The mieasurements 0 of this velocity (J. Alanis & 
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E. Lépez, unpublished observations) show that the changes are small and 
could thus explain only a small fraction of the — of the A-H 
subinterval. 

Another possible explanation of the lengthening of the A-H: subinterval 
would be to assume the presence of some process or structure between the 
auricle and the ventricle, which through its functional characteristics could 
impose limitations on the auriculo-ventricular propagation. As can be seen 
in Fig. 8, the H-V subinterval is not appreciably modified when the fre- 
quency is increased. It may be concluded, therefore, that the lengthening of 
the A-V interval is mainly produced by the A-H subinterval. The lengthening 
of the A-V interval takes place in a region located above that where the H 
potential develops, i.e. above the bundle of His. This region corresponds to the 
A.V. node. The duration of the H-V subinterval is determined by the time of 
propagation of impulses through the His-Purkinje-ventricle system. Its 
constant duration is explained by the fact that its conduction velocity is not 
appreciably modified by the stimulation frequencies employed. 

The simultaneous disappearance of the H potential and the Vetiteicular 


electrogram when the frequericy of auricular stimulation is sufficiently in- 


creased suggests that the frequency which the ventricle can follow, when the 
impulses come from the auricle, is limited, probably by the refractory period 
of the A.V. node. The activation of the ventricle depends on the presence of the 
H potential, i.e. on the previous activation of the bundle of His. 


Other factors which lengthen the A-H subinterval 
The lengthening of the A-H subinterval is not due exclusively to an in- 
creased heart rate. The stimulation of the vagus, injections of acetylcholine, 
and asphyxia produced the same effect on hearts in which the frequency of 
_ stimulation was kept constant (Fig. 9). Following the same reasoning as 
above it can be concluded that these factors produce their effects above the 
bundle of His, that is, in the region of the A.V. node. 


The action of adrenaline 


The shortenings of both the A-H and H-V subintervals produced by es 
line are also independent of the modifications in frequency in heart rate since 
they appear when the heart is stimulated at a constant frequency (Fig. 10 4, 
B). Since adrenaline increases the conduction velocity of some cardiac tissues 
(Rosenblueth & Garcia-Ramos, 1947; Garcfa-Ramos, Méndez & Rosenblueth, 
1948; Krayer, Mandoki & Méndez, 1951), the shortening of the A-V and H-V 
subintervals may be due to this mechanism. The measurements of the con- 
duction velocity of the bundle of His (J. Alanis and E. Lépez, unpublished 
_ observations) show that adrenaline increases its conduction velocity, but this 
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increase explains only a small part of the shortening of the A-H sabinteevel, 
From this it may be concluded that the site at which adrenaline acts is 
again situated above the bundle of His, in the A.V. node. 


SUMMARY 


1. Hearts from cats and dogs were isolated and perfused. The right auricle 
was incised to explore the bundle of His and the A.V. node. 

2. A special type of electrode is described which was used to avoid move- 
ment artifacts. 

3. When the electrodes were placed in the region of the bundle of His an 
action potential was registered (H potential) intermediate between the 
auricular and ventricular electrograms. The potential was not obtained when 
the electrodes were placed 1 or 2mm above or below this zone. 

4. The H potential is independent of the auricular and ventricular electro- 
grams since it may not be preceded by the auricular electrogram, and persists 
_ after the severing the bundle of His below the exploring electrode, and is then 
not followed by the corresponding ventricular electrogram. When the explor- 
ing electrodes were introduced in any place along the bundle of His, its shape 
and amplitude were similar. 

5. Recordings taken at various points along the bundle of His show that the 
greater the distance from the coronary sinus the later the occurrence of the 
H potential. | 

6. The H potential subdivides the A-V interval into two subintervals: A-H 
and H-V. 

7. The normal activation of the ventricle requires previous activity of the 
bundle of His, as is evidenced by the presence of the H potential. | 

_ 8. When the auricle was stimulated with increasing frequencies, the A-H 
subinterval lengthened and the H-V subinterval remained constant. With 
high frequencies both the H potential and the ventricular electrogram dis- 
appeared simultaneously. Vagal stimulation, acetylcholine injections and 
asphyxia had similar effects. | 

9. Adrenaline shortened the A-H and H-V subintervals. 

10. The mechanisms responsible for the lengthening and shortening of the 
A-H subinterval and for the simultaneous disappearance of the H and ventri- 
cular electrograms are discussed. It is concluded that these changes occur 

above the bundle of His, in the A.V. node. 


The authors wish to acknowledge the valuable ongneticns received from Dr A. Roseablesth, 
This work was supported by a grant from the Life Insurance Medical Research Fund. 
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AMINO ACID CLEARANCES IN CYSTINURIA 


By VALERIE ARROW ano G. WESTALL 
From the Medical Unit, University College Hospital 
Medical School, London, W.C.1 


(Received 19 December 1957) 


Cystinuria is a hereditary disorder in which there is a grossly excessive excretion 
of cystine in the urine. Owing to the low solubility of this amino acid the urine 
is often super-saturated in terms of cystine and crystals are likely to be de- 
posited, then to grow and aggregate to form calculi in the urinary tract. 

It was found by means of paper chromatographic methods (Dent & Rose, 
1949) that there is also an excessive excretion of the basic amino acids lysine 
and arginine and, in a later paper (Dent & Rose, 1951), perhaps also of orni- 
thine, This was conclusively confirmed by Stein (1951), who carried out 
quantitative analyses for amino acids by the highly specific method of ion- 
exchange column chromatography and found that in cases of cystinuria the 
urine contained an increased excretion of ornithine as well as of lysine and 
arginine. It was suggested (Dent & Rose, 1949, 1951) that the increased 
_cystine excretion was not due to any failure to metabolize cystine in the body, 
as previously thought by all workers who had studied the condition, but was 
due to a low ‘renal threshold’ for cystine. These authors, and Fowler, Harris & 
Warren (1952), found that the cystine concentration in plasma was normal, but 
later Dent, Senior & Walshe (1954), by using a quantitative polarographic 
method for cystine, found the plasma cystine concentration lower in cysti- 
nuric patients than in normal subjects. As an increase in renal tubular 
secretion of cystine is inherently unlikely, the reason for the increased excre- 
tion of cystine in the urine would appear to be the partial or complete inability 
of the renal tubule to reabsorb this amino acid from the glomerular filtrate. 
Tn fact, Dent et al. (1954) found that the rate of clearance of cystine in cysti- 
nurie patients was about the same as the rate of glomerular filtration, the 
'. clearance of cystine and inulin being in one case almost identical. As there are 
many other conditions in which an increased excretion of cystine may occur 
in the urine, the latter authors proposed that the term ‘cystinuria’, when used 
- to indicate a medical diagnosis, should be restricted to the highly specific 
_ disorder in which cystine stone formation may occur and they then gave 
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further criteria for defining the condition. We use the term in this sense 
exclusively in this paper. 3 
Harris & Warren (1953) studied in some detail the inheritance of cystinuria. 

_ They showed that cystinuric subjects could be either homozygous for a true 
recessive gene or else homozygous for an incompletely recessive gene. In the 
latter case the heterozygotes, while clinically normal, could be detected by the 
constant excretion in the urine of magny increased quantities of cystine and 
lysine. 

: The present work was undertaken to obtain clearance values of all the 
amino acids excreted in the urine of normal and cystinuric subjects and of 
subjects known to be heterozygous for the two types of cystinuric gene. 


METHODS 


Selection of patients, Four normal individuals were taken as controls. Three subjects were 
heterozygotes for the cystinuria gene, two of these being of the incompletely recessive form. Four 
homozygous cystinuric subjects were studied, three of these being of the incompletely recessive 
form: Only one cystinuric subject had had operations for the removal of stones (Table 1). She 
continued to have a normal blood urea and no symptoms of renal damage. We attempted to study 
patients without stones as far as possible since one patient had colic during collection and the 
samples had to be abandoned. A further difficulty arises when stones are present because tlie 
urine flow has to be maintained at a fairly high rate during the 3 hr collection period. Hence 
cystine stones, if present, may dissolve and further increase cystine output. This probably 
happened with A. P. (jr.), as his cystine clearance was unexpectedly high and he was admitted 
to hospital with renal colic a few months after the collection was taken, although at the time we 
believed him to be free from stones. | 

Procedure. After a light breakfast, patients were given water to drink at 9.a.m., and after 
voiding and rejecting the urine at 10a.m., collection was started and continued until 1 p.m. 
Meanwhile blood samples (15 ml.) were taken at 10.30, 11.30 a.m. and 12.30 p.m., and transferred © 
to heparinized tubes. After centrifuging, a 5 ml. portion was taken from each tube and mixed to 
form a composite sample. In the case of normal subjects urine was collected between 11 a.m. and 
1 p.m., and a blood sample (30 ml.) was taken at 12 noon. The plasma (15 ml.) was deproteinized 
with picric acid (Hamilton & Van Slyke, 1943) and the excess picric acid was removed by passing 
the solution through a small column of Dowed 2-X 8 (200-400 mesh) resin in the chloride form 
(Stein & Moore, 1954). The amino acid analyses were carried out on 150 x 0-9. cm columns of 
Dowex 50-X 4 (200-400 mesh) resin, using the Moore & Stein (1954) method. 8-10 ml. of de- 
proteinized plasma and 10-20 ml. of urine, in both cases acidified to pH 2-0, were used for the 
plasma and urine analyses respectively. In addition, cystine was determined by polarograph 
(Reed, 1942; Fowler et al, 1952) on samples of deproteinized plasma and urine. Samples were used 


for two-way paper chromatograms (Dent, 1946) and electrophoretic strips (Harris & Warren, 
1954). 


RESULTS 


Apart from stone formation, the most distinctive feature of cystinuria is the 
high excretion of cystine, lysine, ornithine and arginine in the urine. The out- 
put of these amino acids for the cystinuric patients and for normal subjects is 
shown in Table 1. The average total excretion of these substances in the 


cystinuric urine is 3-95 g/day, which _— closely with 3-73 g reported by 
Stein (1951). 
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Subject Sex Age 
C.G.* F. 20 
A.M. F. 40 
P.H.S. M. 87 
| A.P.(jr.) M. 18 
A.P.(sr.) M. 4 
A.W. M. 24 
M.M. F 38 
V.K.A, 23 
R.G.W M. 47 
G.A.R M. 2 
7 J.A. M. 34 


Cystinuric 
genotype 
Homozygote 


AMINO ACID CLEARANCES IN CYSTINURIA 


The urinary excretion rate, the concentration in plasma and the calculated 
clearance values of cystine, lysine, ornithine and arginine are summarized in 
Table 2. The analyses of four normal urines and three plasmas are in good 
agreement with other published work: in fact, two of our normal subjects had 
been studied previously in this laboratory by Evered (1956), and our repeat 
determinations agree well with his figures. The increased excretion of cystine, 
lysine, ornithine and arginine in the urine of the homozygous cystinuric 
subjects is similar to that found by Stein (1951) and by Harris, Mittwoch, 
Robson & Warren (1955), the latter using microbiological methods for assay. 
There was no appreciable difference between the incompletely and fully 


TaB.E 1. Excretion of cystine, lysine, ornithine and arginine in 
cystinuric patients and normal individuals 


Excretion 
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Cystine Lysine Ornithine Arginine 
(mg/24 hr) (mg/24hr) (mg/24hr) (mg/24 hr) 


939 190 650 
603 250 498 
2580 622 1550 
1570 — 573 1550 
5-6 1-85 27 
183 26 13 
302 2 6 
46 — 12- 
68 
296 
17 


* Subject C.G. had had an operation for removal of stones. 


TABLE 2. Cystine, ornithine, lysine and arginine clearances in normal and cystinuric subjects 


Homozygous Heterozygous 

Incomplete recessive Recessive ve 

Urine (4g/min 73 88 121 442 412 805 1230 12-7 56-7 

Plasma Be /100 ml.) 138 1-42 1-43 0-97 0-54 0-71 0-60 1-18 0-93 1-21 
Clearance (ml./min) 053. 0-40 0-84 46 88 112 206 11 6-1 10-5 

ithine 

Urine (ug/min Not ble 132 172 430 398 1-2 18 13 
0-7 1:30 0: 0-93 0-74 0-81 0-78 0-38 
Clearance (ml./min) — — — 13 33 46 0-15 3 0-35 
ysine 

Urine (ug/min 46 206 = = ii7 653 418 1780 1090 40 1264 210 
Plasma {rng/100 ml.) 243 493 3-18 0-81 157 2-66 1-65 211 
Clearance (ml/min) 1-9 42 37 27 67 66 60 16 

Tine ( i eo ee 452 344 1080 1074 178 9-0 44 
mi. 2:28 168 1-63 1-50 10 1:12 1-35 1-15 15 0-93 
Glearance (ml/min) — 1-4 30 35 96 80 16 0-6 0-47 


636 
Homozygote 677 q 
Homozygote 1150 
Homozygote 1780 
Heterozygote 18-3 
(recessive) 
Heterozygote 82 
(incomplete 
recessive) 
Heterozygote 187 d 
(incomplete 
recessive) a 
Normal 14-5 
Normal 10-7 
Normal 12-6 
Normal 
4 


144 VALERIE K. ARROW AND R. G. WESTALL 


recessive forms. Quantitative studies of the excretion of these amino acids in 
the heterozygous types have not been reported before and, as we expected 
from previous paper chromatographic studies, the incompletely recessive 
heterozygotes excreted slightly increased quantities of cystine and lysine, 
whilst the completely recessive type excreted the normal amounts. 

Full analysis of amino acids in the plasma from cystinuric subjects have not 
been reported before, but Stein (1951) stated that the plasma cystine concen- 
tration in these cases was below normal. Our results confirm this finding and 
show further that plasma concentrations of — and arginine tend also to be 
below normal. 


TaBLE 3. Clearance of other amino acids in normal (3) and cystinuric (7) subjects 
Plasma (mg/100 ml.) Urine (yg/min) Clearance (ml./min) 


Taurine 1-12 0-4 —1-87 57 2-3-143 8 0-2 -20 
Aspartic acid 0-14 0-06-0-29 
e 1-69 0-86-2-87 23 6-0—59-0 2-7 0-7 -3-5 
Serine 1-25 0-89-1-88 44 23-6-81-0 3-4 15 -5°6 
Glutamine +asparagine 3:47 0-52-6-32 37 17-0-70-0 1-4 0-6 
e 3-23 1-:37-—5-57 
Glutamic acid 1-15 0-54-1-93 15 2-2-65 1-4 0-17-40 
Glycine 1-87 1-42-2-79 128 28-0-310 7 18 -19-0 
Alanine 4-07 2-52-5-53 29 8-0-51 0-6 0-21-1-2 
Valine 2-98 1-93-3-69 6 1-3-11-8 0-23 0-04—0-47 
Methionine 0-43 0-13-0-73 8 4-0-14:5 2-3 0-2 -3-9 
Isoleucine 0-98 0-69-1-44 il 4-2-31-6 1-1 0-34-2°5 
Leucine 1-84 1-33—2-39 12 3-5—39-8 0-8 0-27-2:2 
1-15 0-80-1-78 20 7-0-40-5 1-9 0-7 
Phenylalanine 1-04 0-87-1-35 ll 6-4-26-0 1-1 0-54-1-9 
Histidine 1-69 0-82-2-59 94 30-0-204 7 1-4 -15-0 


The calculated plasma clearances of cystine, lysine, ornithine and arginine 
are all high in the homozygous cystinurics. A possible explanation has already 
been given for the abnormally high cystine clearance (206 ml./min) for 
A.P. (jr.). In the heterozygous subjects of the incompletely recessive type 
only the cystine and lysine clearances are moderately raised. The fully reces- 
sive heterozygote A.P. (sr.) would appear to have completely normal clear- | 
ances and, in fact, his lysine clearance is well below normal, owing to an 
extremely low excretion of this amino acid. Clearly more subjects of this type 
must be studied, but we did not have the opportunity on this occasion. The 
general problem of detecting heterozygotes in so-called recessive conditions 
constitutes one of the most interesting current problems in genetics. The 
clearances of the other amino acids in cystinuric subjects are not significantly 


different from those of normal persons and the two have been ciihe § 


together to give the values shown in Table 3. 
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DISCUSSION 

These results provide further evidence that homozygous cystinuric patients 
have a highly specific and gross defect of renal tubular reabsorption not only 
of cystine, but also of lysine, ornithine and arginine. Dent et al. (1954) 
established that, in the one case studied, the cystine clearance was the same 

as the inulin clearance. Certainly, in three out of four cases the cystine 
desma was of the same order and it seems likely that they were unable to 
reabsorb any cystine at all in the renal tubules. The clearances for the other 
three amino ‘Acids involved were, in general, somewhat lower, so that one must 
assume that at least a proportion of these compounds was reabsorbed. No other 
known amino acids are concerned ; in particular, we did not find any decrease in 
taurine or increase in isoleucine excretion as originally reported by Stein (1951). 

These facts strongly support the hypothesis of other workers (Dent & Rose, 
1951; Harris et al. 1955) that the four amino acids involved probably share, 
somewhere in the renal tubule, a common pathway of reabsorption. We have © 
no data to confirm or deny the theory of Dent & Rose (1951) that the reason 
for this association between the four amino acids concerns some subtle gross 
structural resemblance between them. Presumably this could be further 
studied by measuring the clearances of various synthetic compounds of similar 
type using the methods described herein for the naturally occurring sibstances 
in urine and plasma. As already stated, the average daily excretion of the four 
amino acids in excess amounts to nearly 4 g/day. It is of some interest that 
this large loss of important dietary constituents does not appear to lead to any 
nutritional deficiencies. 

SUMMARY 
1. Timed plasma and urine specimens have been obtained from normal 
persons and from homozygous and heterozygous cystinuric subjects. They were 
analysed quantitatively for all the amino acids present by the Moore & Stein 
(1954) method. 

2.. The cystine clearances in cystinuric subjects were of the order to be 
expected from their glomerular filtration rates. The other three amino acids, 
lysine, arginine and ornithine, had also grossly raised clearances but they were 
slightly lower than those for cystine. 

3. Incompletely recessive heterozygotes showed moderately raised clear- — 
ances for cystine and lysine only. A completely recessive heterozygote showed 
normal clearances for all the amino acids. 

. 4, Our results are consistent with the theory that in cystinuria a highly 
- Specific gross defect of renal tubular reabsorption is present for cystine, lysine, 

ornithine and arginine. 

The authors are grateful to Professor C. E. Dent for his interest and encouragement and for 


allowing them to collect samples from patients admitted under his care. 
10 PHYSIO. OXLIT 
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Addendum. Whilst revising this paper for publication an article appeared by 
Doolan, Harper, Hutchin & Alpen (1957) on ‘The renal clearance of lysine in 
cystinuria’. These authors agree with our findings: that the lysine clearance is 
very high, that the plasma concentration of lysine and arginine is lower than 
normal and that the renal tubular reabsorption of the other amino acids with 
the exception of cystine, lysine and arginine is normal in cystinuric subj ects. 
This agreement is particularly pleasing since the analyses of the amino acids 
were obtained by micro-biological methods. 
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EFFECTS OF y-AMINOBUTYRIC ACID ON THE ISOLATED 
MAMMALIAN ILEUM 


By F. HOBBIGER* 
From the Donner Laboratory of Experimental Neurochemistry, Montreal 
Neurological Institute, and the Department of Neurology and 
Neurosurgery, McGill University, Montreal, Canada 


(Received 31 December 1957) 


Extracts from the central nervous system of mammals contain material 
(Factor I) which blocks impulse generation in the stretch receptor neurones of 
the crayfish (Florey, 1954). The same extracts block transmission in the 
inferior mesenteric and stellate ganglia of cat and rabbit (Florey & McLennan, 
1955) and inhibit monosynaptic spinal reflexes in the cat (Florey & McLennan, 
19556).. Purification of Factor I yielded y-aminobutyric acid (GABA) which 
appears to be responsible for most of the activity on the crayfish stretch 
receptor (Bazemore, Elliott & Florey, 1956, 1957). Hayashi & Nagai (1956) 
reported that GABA, applied directly to the cortex or injected into the carotid 
artery, inhibits electrically or chemically induced convulsions in dogs, and 
McLennan (1956) found that GABA protected mice against fatal strychnine 
convulsions for a period of 5-10 min. On the other hand Brockman & Burson 
(1957) were unable to protect mice against a lethal dose of strychnine given 
5 min after an intraperitoneal injection of GABA. Purpura, Girado & Grundfest 
(1957a, b) and Iwama & Jasper (1957) showed that topically applied GABA 
reverses surface negative post-synaptic potentials of the apical dendrites 
evoked by various stimuli in the cerebral cortex of unanaesthetized cats. 
Iwama & Jasper (1957) also found that the effect of GABA on the cat’s cerebral 
cortex was restricted to the surface layers and Edwards & Kuffler (1957) 
showed that GABA prevents the production of the generator potential in the 
dendrites of the crayfish stretch recep... neurone by increasing conductance 
in the synaptic region. 

In one of his earlier publications Florey (1953) reported that partly purified 
Factor I-containing extracts had a marked antiacetylcholine effect.on the 

* Present address: Department of Pharmacology, Middlesex Hospital Medical School, 
London, W. 1. ise | 108 
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isolated guinea-pig and rabbit ileum. These two preparations can also be used 
to study the effect of substances on ganglionic transmission and since ‘the 
enteric autonomic network furnishes a valuable simple paradigm of the far 
more complicated networks of the brain itself’ (Paton, 1957), experiments have 
been carried out in which the effect of GABA on the isolated ileum of the guinea- 
pig, rabbit and rat was studied. The following account shows that GABA has 
a variety of effects on these preparations. The nature and intensity of the 
GABA-induced changes is subject to inter- as well as intra-species variation 
and is also influenced by experimental conditions. The most consistent results 
were obtained with the isolated guinea-pig ileum on which GABA acts to a 
limited extent as an antagonist of nicotine, acetylcholine and histamine, 
inhibits peristalsis triggered by small increases in intraluminal pressure and in 
the absence of other drugs induces changes in tone of the longitudinal muscle. 
Factors which determine the nature and intensity of these effects of GABA 
have been noted. 


METHODS 


Male and female gn 150-350 g, male white rabbits weighing 2-5-4-5 kg and male 
and female adult hooded rats weighing 200-250 g were used. All experiments were carried out at 
37° C. A piece of ileum (approx. 4 cm long) was suspended in a modified Tyrode solution containing 
(%): NaCl 0-9, KCl 0-02, CaCl, 0-02, MgCl, 0-01, NaHCO, 0-05 and glucose 0-1 and aerated with 
95% 0,+5% CO,; the pH of the Tyrode solution under the experimental conditions was 6-9. 
The reduced NaHCO, concentration was chosen since Florey (1953, 1954) found that Factor I 
was only active at a pH below 7-0. However, no such pH dependence of Factor I activity was 
noticed in later work (Elliott & Florey, 1956) and in the present investigation identical effects 
were obtained with GABA when the above Tyrode solution (pH 6-9), or a Tyrode solution 
containing double the amount of NaHCO, (pH 7-3) was used. Since the earlier experiments had 
been carried out at the lower pH the modified Tyrode solution (pH 6-9) was retained throughout, 
to keep the experimental conditions as constant as possible. 

Changes in tone of the longitudinal muscle were recorded by means of an isotonic frontal writing 
lever (amplification 10-20-fold). and the Trendelenburg technique (Trendelenburg, 1917) was used 
for the peristaltic reflex. 

Antagonistic effects were expressed as reductions in sensitivity since the slopes of the log-dose 
effect curves obtained with nicotine, acetylcholine and histamine differ greatly. Thus a reduction 
in sensitivity by 50% means that the antagonist reduces the effect of a given concentration of 
the stimulant drug (concentration a) to that given by half the concentration of the stimulant drug 
(concentration a/2) in the absence of the antagonist. Calculations of the antagonistic effects of 
GABA were based on the assumption that a linear relationship exists between effect and log 
concentration of the stimulant drug within the range of the concentrations a/2 and a; a series of 
control experiments established the validity of this approach. 

Drugs were added to the organ bath in a volume of 0-25 ml. and the final volume in the bath 
was kept constant at 10 ml. Throughout the text final concentrations of the drugs in the organ 
bath are given in preference to quantities added. 

A 5 min interval was allowed between applications of stimulant seid and the increase in tone 
obtained with the latter was recorded for sufficiently long (usually 30 sec) to allow a maximum 
effect to develop. At the end of each recording period the organ bath was emptied once via 
a bottom drain and refilled with fresh warmed and oxygenated Tyrode solution. 

Drugs used were acetylcholine chloride, histamine dihydrochloride, nicotine (base), atropine 
sulphate, pentamethonium bromide, mepyramine maleate and y-aminobutyric acid (GABA) 
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(Merck). When salts were used concentrations mentioned apply to the salts and not the base, but 
for simplicity acetylcholine chloride and histamine dihydrochloride are referred to as acetylcholine 
and histamine only. 


RESULTS 
Guinea-prig ileum 
Effects of GABA on the absence of other drugs 


In fresh preparations GABA in concentrations up to 100 ug/ml. produced 
only barely noticeable changes in tone. If the ileum was kept active for at 
least 1-2 hr either by repeated distension or by additions of nicotine, acetyl- 
choline or histamine, GABA had a marked stimulant action in a number of 
preparations (Fig. 1A). However, under the same conditions GABA some- 
times had either no effect at all or produced a slight relaxation. The stimulant 
effect of GABA, which was always rapid in onset, transient and occasionally 
followed by relaxation, was antagonized by 0-1 ug/ml. atropine sulphate. 

If an ileum was used which had been kept in Tyrode solution for several 
hours at room temperature (25-29° C) and then for at least 12 hr at 6° C, 
GABA regularly produced relaxation within a few seconds after addition to 
the organ bath (Fig. 1B). 


A 


>... 


' 
10 0-02 10 0-06 pg/ml. 
GABA ACh GABA ACh 


«Ag. 1. Effects of GABA on the guinea-pig ileum in the absence of other drugs. A, record obtained 
with a fresh preparation which had been in the organ bath for 2 hr; B, record obtained with 
a preparation which before use had been kept in Tyrode solution for 8 hr at 27° C and then 
for 40 hr at 6°C. Both records were obtained with different pieces of the same ileum. 
Arrows indicate administrations of GABA or acetylcholine (ACh) and + represent controls 
with Tyrode solution. In these and all other Figures the numbers underneath the records — 
refer to final concentrations in the organ bath (ug/ml.). | 
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If small doses of acetylcholine or histamine were added to the organ bath 
before GABA the latter acted in a manner identical to that observed with the 
same preparation in the absence of the stimulant drugs (Fig. 2). 


A B 


0-025 0-025 10 0-015 0-015 10 pg/ml. 


ACh | : ACh GABA ACh ACh GABA 
1 min 


Fig. 2. Effects of GABA on the guinea-pig ileum in the presence of acetylcholine. A, record 
obtained with a fresh preparation which had been in the organ bath for 2 hr; B, record obtained 
with a preparation which before use had been kept in Tyrode solution for 8 hr at 27° C and 
then for 17 hr at 6° C. Both records were obtained with different pieces of the same ileum, 
which was also used to obtain the records shown in Fig. 1. The speed of the kymograph is 

four times that used in the experiments from which the illustrations, Figs. 1 and 3-6, are 
taken. Similar results were obtained when histamine was used instead of acetylcholine. _ 


Effect of GABA on the response of the isolated ileum to stimulant drugs 

Fresh ileum. GABA acted as an antagonist of nicotine, acetylcholine and 
histamine if the latter were used in concentrations which produced submaximal 
effects. In all fresh preparations the antagonism obtained by any given 
concentration of GABA was always more pronounced towards nicotine than 
towards acetylcholine or histamine, if the stimulant drugs were used in con- 
centrations which produced an equal shortening of the longitudinal muscle. 
The antinicotine effect either remained constant or declined slightly throughout 
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an experiment whereas the antiacetylcholine and antihistamine effect often 
increased on prolonged use of the ileum. The latter was particularly pronounced 
in four of sixteen experiments in which either no or only very little antagonism 


towards acetylcholine and histamine could be obtained during the first hour 


(Fig. 3), although the antagonism towards nicotine was of the usual order. 
Fresh ileum ation 4hr later 


>. 


= > 


+ 


10 10 pg/ml. 
‘GABA GABA GABA 


Fig. 3. Antagonistic effects of GABA on the guinea-pig ileum. The ‘records show a series of 
_ Tesponses obtained with 0-02 ug/ml. acetylcholine; responses obtained with 0-01 ug/ml. 
acetylcholine are marked +; GABA was added 20 sec before acetylcholine, this is marked | ’ 
by the arrows. Similar results were obtained with histamine as the stimulant drug. | a 


To see if the antagonistic effect was dependent on the concentration of the 
stimulant drug, the effect’ of GABA on two concentrations of the stimulant — 
drug, which differed by a factor of two, was investigated. Under these con- 
ditions the antagonism towards the lower concentration of nicotine was always 
greater than that towards the higher concentration (Fig. 4), but such a 
dependence could not be established with certainty for the antagonism towards 


acetylcholine and histamine. 
__ Antagonism could sometimes be observed with as little as 0-1 g/ml. GABA 
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especially when nicotine was used as the stimulant drug and graded degrees of 
antagonism were obtained only over a 100-1000-fold range of GABA concen- 
trations. 10 GABA pg/ml. regularly produced the same antinicotine effect as 
higher concentrations, but slightly greater degrees of antagonism towards 
acetylcholine and histamine were repeatedly observed when the GABA con- 
centration was raised from 10 to 100 ug/ml. 


A B 


10 10 
GABA GABA 


Fig. 4. Antagonistic éffects of GABA on a fresh guinea-pig ileum. A and B are consecutive records 
which show a series of responses obtained with nicotine, 0-3 ug/ml. in A and 0-15 pg/ml. in B; 
responses marked + were obtained with 0-15 ug/ml. (A) and 0-075 pg/ml. (B). GABA was 
added 20 sec before nicotine, this is marked by the arrows. 


_A maximum antagonistic effect of GABA was always reached quickly and 
lengthening of the interval between the administration of GABA and the 
stimulant drug from 20sec to 2 min resulted in either identical or slightly 
smaller degrees of antagonism. 

If the stimulant drugs were used in concentrations which produced, on the 
smoked drum, records (of contractions) ranging from 4 to 6 cm, the maximum 
obtainable antinicotine effect of GABA represented a reduction in sensitivity 
by 35-75%, and the maximum obtainable antiacetylcholine effect corres- 
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ponded to a reduction in sensitivity by 0-35% and 20-45% during the early 
stages of an experiment and after prolonged (4~8hr) use of the ileum 
respectively. No consistent relationship between antihistamine and anti- 
acetylcholine effect could be demonstrated. 

Recovery of the ileum after removal of GABA was usually quick and identical 
effects were obtained if the same or a similar concentration of GABA were 
tested at 15 min intervals (Fig. 4A). In two out of seventeen preparations 
complete recovery of the sensitivity to nicotine required more than 30 min; 
on repeated administration of GABA the prolonged recovery phase gradually 
shortened and then disappeared, whereas the intensity of the antinicotine 
effect remained unchanged throughout the entire experiment. 

_ During the recovery of the ileum a transient increase in sensitivity of the 
ileum to the stimulant drug was sometimes noticed during the earlier stages 


of an experiment, especially when concentrations of 10 pg/ml. GABA or more | 


were used. 
If the ileum was kept in Tyrode containing GABA for 5 min or more, a 
considerable recovery of the original sensitivity of the ileum to the stimulant 
drug in the presence of GABA took place (Fig. 5). After 100 ng/ml. GABA or 
_ more had been used a transient desensitization to smaller concentrations of 
GABA was also seen regularly at a time when the sensitivity of the ileum to 
the stimulant drug had returned to its control level. 

Ileum which had been kept at room temperature (25-29° C) and at 6° C. The 
antiacetylcholine and antihistamine effects obtained with any given concen- 
tration of GABA were always most pronounced in those pieces of ileum which 
had been kept in Tyrode solution first for 6-8 hr at room temperature and then 
for at least 12 hr at 6° C. Under these conditions the maximum obtainable 
antiacetylcholine and antihistamine effect represented a reduction in sensi- 
tivity by 45-55% (calculated by the same method as used above), whereas 
the antinicotine effect was either of the same order or smaller than that seen 
with a fresh piece of the same ileum. | : 


Effects of known antagonists and strychnine on the antagonism produced by GABA 


To investigate whether the antagonistic effects of GABA were the result of _ 


competition between GABA and nicotine, acetylcholine and histamine for 
receptors to which the latter become attached, the following experiments were 
carried out. The antagonism produced by two.or more concentrations of GABA 
was assessed using as bath fluid first Tyrode solution and then a Tyrode 
solution containing 0-1 ug/ml. atropine sulphate, 0-01 ug/ml. mepyramine 
maleate or 100 g/ml. pentamethonium bromide, respectively. In these 
experiments 0-1 g/ml. atropine sulphate reduced the sensitivity of the ileum 
to acetylcholine and histamine by 99-99-9% and not more than 50%, 
Ttespectively. Mepyramine maleate, 0-01 ug/ml., reduced the sensitivity to 
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histamine ses 90-95% but had no effect on the sensitivity to acetylcholine and 
100 g/ml. pentamethonium bromide reduced the sensitivity to nicotine by 
q 5-80 


y a 


=" 


10 ug/mi. GABA 10 ug/ml. GABA 
Fig. 5. Adaptation of the guinea-pig ileum to GABA. The records show a series of responses 
obtained with 0-5 pg/ml. nicotine (A) and 0-02 pg/ml. ‘acetylcholine (B); responses obtained 
with 0-25 pg/ml. nicotine (A) and 0-01 ug/ml. acetylcholine (B) are marked +. GABA was 
present in the Tyrode solution throughout the period marked by the horizontal arrows. 


Under these conditions GABA in concentrations up to 100 pg/ml. failed to 
produce any antiacetylcholine or antihistamine effect when atropine sulphate 
was present in the organ bath (Fig. 6), but pentamethonium bromide and 
mepyramine maleate had no effect on the antinicotine and antihistamine 
effects of GABA, respectively. Under identical conditions strychnine nitrate 
in concentrations up to 10 g/ml. failed to affect the antinicotine and anti- 
acetylcholine effects of GABA. 3 


Effect of GABA on the peristaltic reflex : 

If the intraluminal pressure was raised just sufficiently to initiate an occa- 
sional peristaltic wave, GABA in doses of 0-1-1 g/ml. and higher regularly 
blocked the peristaltic reflex and also slowed or completely abolished the 
preparatory phase of the longitudinal muscle (Fig. 7). The intraluminal 
pressure at which this effect of GABA could be obtained was occasionally quite 
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critical, but the more pronounced the antinicotine effect of GABA was the 
more easy it became to block the peristaltic reflex with GABA. If the intra- 
luminal pressure was sufficient to trigger frequent and regular peristaltic waves 
the peristaltic reflex could not be blocked by concentrations of GABA as high 
as 100 ug/ml. and the only effect obtained with the latter was some reduction 
in the degree of shortening of the longitudinal muscle which preceded each 
peristaltic wave. 


7 10 10 100 1000 pg/ml. GABA 

__ Fig. 6. Effect of atropine on the antiacetylcholine effect of GABA. The records show responses 

obtained with 0-03 yg/ml. acetylcholine (A) and 3-6 pg/ml. acetylcholine (B); responses 

obtained with 0-015 pg/ml. acetylcholine (A) and 1-8 ug/ml. acetylcholine (B) are marked +. — 

Between records A and B, 0-1 pg/ml. atropine sulphate was added to the Tyrode solution and 

the same concentration of atropine was retained throughout the part of the experiment 

represented by record B. GABA was added 20 sec before acetylcholine; this is indicated by 

the arrows, The same results were obtained when histamine was used instead of acetylcholine. 


Effect of GABA on the ileum of semicarbazide-injected guinea-pigs 
Killam & Bain (1957) reported that the GABA content of the central nervous 


system is decreased in animals which have been treated with hydrazides. Three 
guinea-pigs were, therefore, injected intraperitoneally with neutralized semi- 
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carbazide hydrochloride, 300 mg/kg. All animals died after a prolonged period : 


of convulsions and within 14-2 hr after the injection. Pieces of intestine were 
taken at the time of death and transferred at once to an isolated organ bath. 
Under these conditions the effects of GABA and its antagonistic actions were 
of the same nature and order as those obtained on pieces of ileum from control 


guinea-pigs. 


0-1 | 1 pg/ml. GABA 


Fig. 7. Effect of GABA on the peristaltic reflex of the guinea-pig ileum. Upper records, tone of © 


the longitudinal muscle; lower records, intraluminal volume. The peristaltic reflex was 


elicited by increases in intraluminal pressure which were just sufficient to trigger one or afew _ 
peristaltic waves; GABA was added 20 sec before raising the intraluminal pressure; this is _ 


indicated by the arrow. Each record shows consecutive responses obtained by identical 
increases in pressure lasting for 1 min. The two records were obtained in different experiments. 
The Tyrone alter peristaltic response. 


Effect of substances which are related to GABA 

100 g/ml. of glutamic acid, pyrrolidinone-5-carboxylic acid and f-alanine 
had no antinicotine effect on a guinea-pig ileum in which 1-10 pg/ml. GABA 
reduced the sensitivity by 50-70%. These findings indicate that the anti- 
nicotine effect of GABA on the guinea-pig ileum, like the effect of GABA on 
the crayfish stretch receptor (Elliott & Florey, 1956), is not shared by com- 
pounds which are structurally very closely related to GABA. Only y-amino- 
B-hydroxybutyric acid which, as shown by Hayashi & Nagai (1956) and by 
Hayashi & Suhara (1956), also abolishes electrically or chemically induced 
seizures in dogs, had an antinicotine effect on the isolated guinea-pig ileum; 
the activity of this substance was approximately one-quarter of that of GABA. 
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Rabbit ileum | 
Effect of GABA on the spontaneous activity of the isolated rabbit ileum 

GABA reduced the spontaneous activity of the isolated rabbit ileum. This 
effect, which approached a maximum with a concentration of 10 pg/ml. GABA, 
was quick in onset but varied greatly in intensity and duration from one 
preparation to another. 

In some preparations 10 and 100 wg/ml. affected only a few (up to six) 
contractions of the longitudinal muscle, whereas in others an effect was 
obtained with 1 g/ml. GABA and concentrations of 10 and 100 ug/ml. 
reduced the activity of the longitudinal muscle by 35-80% (Fig. 8). In prepa- 
rations which were only partly relaxed a transient relaxation accompanied the 
reduction in force of contractions. 

Recovery of the longitudinal muscle took place without removal of GABA 
from the bath and was usually complete within 1-2 min even in those prepara- 
tions in which the GABA effect was most pronounced. However, occasionally 
recovery remained incomplete for longer periods and sometimes the initial 
depression was followed by a second phase of depression which was less marked 
but longer lasting than the first. | 

The effect of GABA on spontaneous activity was readily reproducible at 
15 min intervals if the Tyrode solution was changed 2 min after the addition 
of GABA to the organ bath. Pieces of ileum which had been kept in Tyrode 
solution for several hours at room temperature were always less affected by 
GABA than a fresh piece of ileum from the same animal; under these con- 
ditions a biphasic response, i.e. a short period of depression followed by a 
period of overactivity of the longitudinal muscle, was often seen. 


Effect of GABA on the response of the isolated ileum to acetylcholine, nicotine 
and the peristaltic reflex ie 

Pieces of ileum taken from eight rabbits were used in these experiments and 
GABA was added to the bath fluid 20sec before a dose of acetylcholine or 
_ nicotine which, alone, produced a submaximal effect. GABA in concentrations 
of 10 ug/ml. or more had an antiacetylcholine effect only in the two prepara- 
tions in which its effect on the spontaneous activity of the longitudinal muscle 
was most marked. No antagonism was seen in the other six experiments even 
when the smallest effective concentrations of acetylcholine were used, and in 
two of these experiments GABA actually slightly enhanced the effect of 
acetylcholine. 

An antinicotine effect of GABA corresponding to a reduction in sensitivity 
by more than 10% was obtained only in the two preparations in which an 
antiacetylcholine effect was obtained. Experiments in which the interval 

between the administration of GABA and the stimulant drug was extended 
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an arrow; a 3 min interval during which the bath fluid was changed and the drum remained 


Fig. 8. Effect of GABA on the spontaneous activity of the rabbit ileum. The upper and lower 
records were obtained with two different preparations; 
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from 20 sec to 2 min showed that the effect of GABA on the spontaneous 
activity of the longitudinal muscle was only to a small extent responsible for 
its antiacetylcholine and antinicotine effect (Fig. 9). In each case the anti- 
nicotine effect was more pronounced than the antiacetylcholine effect and 


10 10 pg/ml. GABA 


Fig. 9. Antinicotine effect of GABA on the rabbit ileum. In this experiment the same piece of 
ileum was used with which the lower record shown in Fig. 8 was obtained. The record shows 
& series of responses obtained with 0-3 ug/ml. nicotine (marked @); the response marked + 
was obtained with 0-15 pg/ml. nicotine; GABA was added 20 sec (first arrow) and 2 min 
(second arrow) respectively before nicotine. | 


_ with concentrations of the stimulant drug which raised the base line within 
. the upper range of the spontaneous changes in tone the maximum obtainable 


antinicotine effect represented a reduction in sensitivity by 50-75% (Fig. 9) 
and the maximum obtainable antiacetylcholine effect corresponded to a 
reduction in sensitivity by 25-50%. 

No increase of the antagonistic properties of GABA was seen if the ileum 
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was kept in Tyrode solution at room temperature or at 6° C for prolonged 
periods before use. 

The effect of GABA on the peristaltic reflex was on the whole negligible even 
when the latter was obtained by increases in intraluminal pressure which were 
just sufficient to trigger it. Occasionally a small reduction in force of contrac- 


_ tions of the longitudinal muscle was seen during peristalsis if GABA was used 


in concentrations of 10 or 100 jg/ml. 


Bia 


Concentrations of 10 and 100 ~g/ml. GABA sometimes produced a just 
noticeable and transient increase in tone which was followed by slight relaxa- 
tion if the ileum was only partly relaxed. However, the relaxation was always 
far less than that seen with the guinea-pig ileum. 

In six out of twenty-four preparations 10 pg/ml. GABA and higher con- 
centrations had a feeble antiacetylcholine effect which never exceeded (and 
was usually less than) a reduction in sensitivity by 25%, even when the lowest 
effective concentrations of acetylcholine were used. Although the biphasic 
nature of the nicotine response of the rat ileum makes a quantitative assess- 
ment of small effects impossible, it can be said that any antinicotine effect of 
GABA could not have represented more than a 25% reduction in sensitivity. 

Prolonged storage of the ileum in Tyrode solution at room temperature and 
at 6° C failed to produce an increase of the — action of GABA. 


DISCUSSION 


Awapura, Landua, Fuerst & Seale (1950), Roberts & Frankel (1950), Udenfriend 
(1950), Bazemore et al. (1956, 1957) and Elliott & Florey (1956) have shown 
that GABA is a normal brain constituent, but Florey (1953) failed to find 
Factor I activity in extracts from mammalian intestine. Thus it can be argued 
_ that only the effects of GABA on the central nervous system are‘ physiological’, 
whereas those on the isolated ileum are purely ‘pharmacological’. Florey’s 
technique, however, was certainly not sufficiently sensitive to detect small 
concentrations of Factor I and it cannot be concluded from his experiments 
(Florey, 1953) that GABA is entirely absent from the mammalian intestine. 
It is interesting in this connexion that human saliva contains 0-15-2 pg/ml. 


GABA (Moor & Gilligan, 1951) and human gastric juice 0-15-2-6 ug/ml.GABA _ 


(Gilligan, Moor & Warren, 1951). Even if GABA should not be concerned in 
the activity of intestinal muscles in vivo it is possible that at least some of the 
effects of externally applied GABA on brain and intestine are manifestations 
of similar or identical actions. 

The actions of GABA on the isolated mammalian ileum are variable between 
different species and also within the same species (see Table 1), Furthermore, 
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in the case of the guinea-pig ileum experimental conditions greatly influence 
the nature and intensity of some of the actions of GABA. 

Antagonistic effects of GABA are most consistently reproducible on the 
guinea-pig ileum. In a fresh guinea-pig ileum the antinicotine effect of GABA 
is always greater than its antiacetylcholine or antihistamine effect. Since 
there is no parallelism between the former and the latter it seems likely that 
the antiacetylcholine and antinicotine effects of GABA are at least partly if 


TaBLe 1. Effects of GABA on the isolated ileum 
A; in absence of other drugs | 
Guinea-pig: feeble effects in fresh preparation; after prolonged use or storage, stimulation and 
(or) relaxation; stimulation antagonized by 0-1 ug/ml. atropine. © 
Rabbit: reduction in spontaneous activity; marked species variation; effect less after storage. 
Rat: feeble effects, not enhanced by storage. | 


B; antagonistic effects 
Guinea-pig: 
Antagonism towards 
Nicotine Acetylcholine Histamine 
Present at start; the Often increasing throughout experiment; most 
same orlessafter = marked after storage; acetylcholine antagonism 


storage, dependent on >, = or < than histamine antagonism 

concentration of 

nicotine 

Maximum degree of antagonism obtained with | 

10 pg/ml. GABA 10-100 pg/ml. GABA 10-100 pg/ml. GABA 
Lower concentrations give graded effects over 100-1000-fold range 


ae Antagonism subject to adaptation 
100 pg/ml. pentame- 0-1 pg/ml. atropine blocks GABA antagonism 
thonium does not —_— 0-01 pg/ml. mepyra- 
affect GABA ' mine does not affect 
antagonism GABA antagonism 


Antagonism of a readily reversible nature in most expts. Equal effects 
obtainable with same concentration of GABA at 10-15 min intervals 


Rabbit: antiacetylcholine and antinicotine effect only obtained when GABA also very effective 
on spontaneous activity; antinicotine effect >antiacetylcholine effect. 
Rat: occasionally feeble antiacetylcholine effect. 


not entirely independent phenomena. Although the antinicotine effect is 
dependent on both the concentration of the stimulant drug and the concen- 
tration of GABA, neither the antinicotine effect nor the antiacetylcholine or 
antihistamine effect can result from simple competition (see Schild, 1947) 
between GABA and the stimulant drugs for the receptors to which the latter 
become attached, since increasing degrees of antagonism are only obtained 
over a limited range of GABA concentrations. The mode of action of GABA 
is obscure at present. | 

An interesting feature of the action of GABA on the isolated guinea-pig 


ileum is the phenomenon of adaptation. Adaptation was also observed when 
| PHYSIO, OXLII 
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GABA or highly purified Factor I was used on the crayfish stretch receptor 
(Elliott & Florey, 1956; Florey, 1957). This indicates some parallelism between 
the actions of GABA on the isolated guinea-pig ileum and on the crayfish 
stretch receptor. Unfortunately, no comparable studies on the effects of GABA 
on the cerebral cortex have yet been reported. 

Preliminary experiments, in which the effect of GABA on the 5-hydroxy- 
tryptamine- (5-HT) induced spasm of the isolated guinea-pig ileum was investi- 
gated, have shown that GABA is a far more potent antagonist of 5-HT than 
of nicotine. GABA can reduce the sensitivity of the ileum to 5-HT by 75- 
92:5% with the smaller effect being obtained in preparations which are less 
sensitive to 5-HT. The anti-5-HT effect like the antinicotine effect is also 
subject to an adaptive mechanism and cannot be the result of a simple 
competition between 5-HT and GABA for a common receptor. A maximum 
anti-5-HT effect is approached with 10 ug/ml. GABA. These findings are of 
particular interest since 5-HT is a normal constituent of the ileum as well as 
of the central nervous system (see Erspamer, 1954) and investigations have 
been started to find out if the anti-5-HT effect of GABA obtained on the - 
guinea-pig intestine is applicable to other structures. 


SUMMARY 

1. The effects of pple acid (GABA) on the isolated guinea-pig, 
rabbit and rat ileum were investigated. 

2. Guinea-pig ileum. In the absence of ether drugs GABA can produce 
stimulation and (or) relaxation. The nature and intensity of these effects, 
which are smallest in fresh preparations, vary between different preparations 
and depend on experimental conditions. The stimulant effect of GABA is 
abolished by 0-1 ug/ml. atropine sulphate. | 

GABA acts to a limited extent as an antagonist of acetylcholine, nicotine 
and histamine if the latter are used in concentrations which give submaximal 
effects. The antinicotine effect of GABA, which is often obtained with as little 
as 0-1 ug/ml. GABA, is always more marked than its antiacetylcholine or 
antihistamine effect. The latter but not the former increase on prolonged use 
or after storage of the ileum. GABA is always considerably more effective 
against lower than against higher concentrations of nicotine. Antagonism 
- reaches a maximum with 10-100 ug/ml. GABA and cannot be further increased 
by higher concentrations. Atropine sulphate, 0-1 ug/ml., blocks the anti- 
acetylcholine and antihistamine effect of GABA but 100 pg/ml. pentametho- 
nium bromide and 0-01 ug/ml. mepyramine maleate fail to modify the 
antinicotine and antihistamine effect of GABA, respectively. 

All GABA effects are usually reversible and reproducible at 10-15 min 
intervals. Adaptation is seen when the ileum is exposed to GABA for more 
than 2 min. 
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The peristaltic reflex, obtained by increases in intraluminal pressure which 
are just sufficient to trigger it, is blocked by 0-1-1 ug/ml. GABA. 

3. Rabbit ileum. GABA produces a transient decrease in activity of the 
longitudinal muscle. The intensity of this effect varies greatly between different 
preparations. An antiacetylcholine and antinicotine effect of GABA is seen 
only when the effect of GABA on the longitudinal muscle is most marked. 

4, Rat ileum. GABA has only negligible effects in the absence of other 
drugs. This also applies to its antiacetylcholine effect. 


This work was done during the tenure of a Visiting Scientist Fellowship of the Montreal 
Neurological Institute. My thanks are due to Dr K. A. C. Elliott who arranged my visit and 
suggested this investigation, for showing constant interest and for giving helpful advice; to 
Professor F. C. MacIntosh for the generous loan of equipment and for some of the chemicals used 
and to Mrs E. E. Hobbiger for her capable technical assistance. This work was aided by grants 
to Dr Elliott from Messrs Merck, Sharp and Dohme, New Jersey, who also kindly provided 
y-aminobutyric acid, and from Charles E. Frost and Co., Montreal. 
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THE EXTRACTION OF ACETYLCHOLINE FROM 
FROZEN INSECT TISSUE 


By K. 8. FOWLER anp 8S. E. LEWIS 


From the Department of Scientific and Industrial Research, 
Pest Infestation Laboratory, Slough 


(Received 21 January 1958) 


In the literature concerning the determination of the acetylcholine (ACh) 
‘content of vertebrate nerve tissues the reliability of results obtained with 
frozen tissue has often been in question, and factors affecting the extraction of 
ACh from frozen tissue have been much discussed (Welsh & Prajmovsky, 
1947; Hobbiger & Werner, 1948; Elliott & Henderson, 1951; Crossland, 1951; 
Crossland & Merrick, 1953; Crossland, Pappius & Elliott, 1955; Stone, 1955). 
It is now established that freezing of nerve tissue promotes a release of ACh 
from a ‘bound’ form in which it is not attacked by cholinesterase; conse- 
quently, when the tissue is allowed to thaw the loss of ACh by enzymic hy- 
drolysis is more rapid than in unfrozen tissue. Thus the chief problem in 
obtaining valid results for the ACh content of frozen tissue is that of ensuring 
that cholinesterase is inactivated before it can hydrolyse released ACh. 

In a study of methods for the determination of ACh in insects Lewis & 
Smallman (1956), working with blowfly heads, obtained their highest values 
by a method in which the intact heads were boiled to inactivate enzymes in 
situ before the extraction. This method was assumed to be valid since it gave 
the highest yield under conditions where synthesis of ACh during the extrac- 
tion was precluded. Their best yield of ACh from frozen tissue was consider- 
ably lower than that obtained by the ‘boiling method’, even though the frozen 
_ tissue had been intimately ground with frozen trichloroacetic acid (TCA) 
under liquid nitrogen. They suggested that even under these conditions there 
was a loss of ACh at the time of thawing, due to hydrolysis by cholinesterase 
before this was destroyed or inhibited; but they did not discount the possi- 
bility that there might also be some loss at the time of freezing. However, in 
view of the fact that Crossland (1951), working with rat brain, reported that 
maximal yield of ACh can be obtained by TCA extraction of the frozen tissue, 
it could be argued that the yields obtained from boiled insect tissue by Lewis 
& Smallman were spuriously high. 
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In the present study we have re-investigated methods of extracting ACh 
from frozen insect tissue. Our objects have been to test the validity of the 
results obtained by the ‘boiling method’, and to establish a convenient 
routine method of applying the technique of rapid freezing in investigations 
entailing the measurement of ACh levels in insects. 


MATERIALS AND METHODS 


All experiments have been carried out on isolated heads from blowflies (Calliphora erythrocephala). 
These were from laboratory cultures maintained at 25° C and 75-80% r.h. Larvae were reared on 
ox liver. Flies for breeding were supplied with ox liver, sucrose, and. water; those to be used in 
experiments had sucrose and water only. 

In any particular experiment the flies used were of mixed sexes of the same age, and were taken 
from the same cage. For ease of manipulation flies were immobilized immediately before use by 
cooling in a dish surrounded by ice. 

Ringer’s solution. This refers to a ‘frog Ringer’s solution’ of the composition: NaCl 7 g, KCl 
0-14 g, CaCl, 0-12 g, NaHCO, 0-2 g, with glass-distilled water to 1 1. : 

Acetylcholine assay. The extracts were assayed for ACh content on the eserinized rectus abdomi- 
nis muscle of the frog, with controls to allow for the presence of substances which enhance the 
sensitivity of the muscle to ACh (Feldberg, 1945). In our procedure the ACh-free control was pre- 
pared by treatment of part of the extract with 1/10 vol. of 0-25N-NaOH at room temperature for 
15 min, followed by neutralization with 0-25 n-HCl. ACh values are given in terms of acetylcholine 
ton (C,H,,0,N*). 


Extraction of acetylcholine 

The flies, alive except where otherwise stated, were decapitated rapidly in groups of 20, and 
the heads were weighed. The time between cutting and freezing or boiling was reduced to a mini- 
mum, the average time for each group being about 2 min. 

Method A: Grinding with frozen TC A-Ringer’s solution. The heads were dropped into liquid 
nitrogen in a small mortar lagged in cotton-wool. When the bulk of the liquid nitrogen had 
evaporated, the heads were ground to a fine powder. Ice-cold 10% (w/v). TCA-Ringer’s solution 
(0-8 ml.) was added, freezing instantly, and this was ground to an intimate mixture with the 
powdered heads. The frozen powder was now allowed to warm up gradually, grinding being con- 
tinued until the mixture thawed. About 20 min after completion of thawing, while still well 
below room temperature, the contents of the mortar were quantitatively transferred to a centrifuge 
tube with about 8 ml. of Ringer’s solution. The suspension was centrifuged (10 min at 2000 g) and 
the supernatant poured off. The residue was extracted with a further 3 ml. of Ringer’s solution 
and the supernatants combined. The extract was brought to pH 4 with 2% NaHCO, solution, and 
stored at - 20°C. Immediately before assay the pH of the extract was adjusted to 7, and the 
volume made up to 20 ml. with Ringer’s solution. (The adjustments of pH can conveniently be 
made with sufficient accuracy with the aid of indicator papers.) 

Method B: Dispersion at -—70° C in alcoholic TCA. The heads, having been frozen in liquid 
nitrogen, were rapidly transferred to 3 ml. of 1% (w/v) TCA in absolute alcohol at —'70° C con- 
tained in a Potter-Elvehjem homogenizer tube provided with a standard joint. While the homo- 
genizer tube was maintained at — 70°C in acetone-solid CO,, the heads were homogenized and the 
pestle was rinsed with 2 ml. of alcohol. After removal from the freezing mixture the tube was 
fitted with a still-head carrying an air-leak, immersed in a water-bath at 10—-15° C, and the alcohol 
- removed under reduced pressure. The alcohol-free residue was thoroughly dispersed in 5 ml. of 
Ringer’s solution, the suspension was centrifuged in the homogenizer tube (10 min at 2000 9), 
and the supernatant poured off. The residue was extracted with a further 3 ml. of Ringer's 
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solution and the supernatants combined. Extracts were stored and prepared for assay as described 
above. 

Method C: Dispersion at ~70° C in ethereal TCA. The frozen heads were transferred to 3 ml. 
of 1% (w/v) TCA in ether (A.R.) in a homogenizer tube cooled to - 70°C in acetone-solid CO,. 
The tube was kept corked as much as possible to prevent condensation inside the tube and forma- 
tion of a ring of ice, which hinders the subsequent operation of the pestle. The heads were homo- 
genized at —70° C; the pestle was then rinsed, and adhering solid removed, by rotation of the 
pestle in the upper part of the tube while 2 ml. of ether was slowly run in. The tube was now re- 
moved from the freezing mixture, and while the suspension was still below room temperature the 
ether was evaporated by directing a fine stream of air on to the surface. (By the use of a number of 
jets attached to a manifold several samples may conveniently be evaporated at the same time.) 
After complete removal of the ether the residue was extracted with Ringer’s solution as described 
under Method B, the extract being stored and prepared for assay as before. 

‘Boiling method.’ This was essentially similar to that of Lewis & Smallman (1956). The un- 
frozen heads were dropped into 3 ml. of boiling Ringer's solution previously acidified to pH 3-4 
with 0-25 n-HCl. After 14 min the beaker was cooled in ice, and the heads were transferred with 
the Ringer’s solution to a homogenizer tube. The volume was re-adjusted to 3 ml. with distilled 
water and the solution made 1% with respect to TCA by addition of 0-15 ml. of 20% TCA. The 
heads were homogenized, and the pestle was rinsed with 2 ml. of Ringer’s solution. The suspension 
was centrifuged in the homogenizer tube (10 min at 2000 g), and the supernatant poured off into 
the beaker in which the heads had been boiled. The residue was extracted with 3 ml. of Ringer’s 
solution and the supernatants combined. Extracts were again stored and prepared for assay as 
previously described. 


RESULTS 


Extraction of ACh from frozen fly heads ground with frozen TCA-Ringer’ £- 
solution (Method A) 

In the method which gave their highest yields of ACh from frozen tissue 
Lewis & Smallman (1956) removed TCA by extraction with ether, and these 
yields may have been subject to some loss on this account. Accordingly, we - 
re-investigated their method in which the frozen fly heads were ground to- 
gether with frozen TCA-Ringer’s solution. However, in our procedure the 
amount of TCA was reduced sufficiently to make it possible to assay the ex- 
tracts on the frog muscle without prior removal of the sa by ether extraction 
(see Crossland et al. 1955). 

The yields of ACh from three groups of frozen heads extracted by Method A 
are shown in Table 1 together with those from parallel extractions by ™ 


TABLE 1. ACh from Calliphora heads: Method A and ‘boiling method’ compared 
Wt. of 20 heads ACh yield 


(mg) (ug/g) 
A (frozen heads ground 
frozen 10 TCA-Ringer 
73-6 27-9 
Mean 27-3+1-0 (s.z.) 
‘Boiling method’ (boiled heads 70-5 31-3 
homogenized in 1% TCA-Ringer) | 


Mean 31-8+0-4 (s.z.) 
Significance of between means: P<001 (¢ test). 
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‘boiling method’. Notwithstanding the elimination of ether extraction, and in 
spite of stringent precautions to ensure that the ground tissue was intimately 
mixed with the powdered frozen acid before the mixture was allowed to thaw, 
the yields from frozen heads are still below those obtained from unfrozen 
heads boiled before extraction. Thus there was no further evidence from these 
experiments to enable us to establish the validity of either method. 


Extraction of ACh from frozen fly heads dispersed in alcoholic TCA 
(Method B) 
It still seemed that, even under the conditions of Method A, there might be 
- some enzymic hydrolysis at the time of thawing, conceivably due to delayed 
inactivation of the cholinesterase in the particles of tissue. Therefore alcoholic 


TaBiE 2. ACh from Calliphora heads: Method B and ‘boiling method’ compared 
Wt. of 20 heads ACh yield 


(mg) (ug/g) 

Method B_ (frozen heads dispersed 85-5 31-7 
in alcoholic TCA at - 70° C) 80-5 30-1 
78-2 

81-0 32-9 

83-5 33°3 

Mean 32-5+0-7 (s.z.) 

‘Boiling method’ (boiled heads 813 30-7 

homogenized in 1% TCA-Ringer) 82-3 29-2° 
87-4 27-5 

80-4 31-8 

86-5 29-0 


Mean 29-6+0-7 (s.z.) 
of between means: P =0-02 (t 


TCA was tried as a means of allowing the acid to penetrate the tissue particles 
at a temperature below that at which it could penetrate at the time of thawing 
of the usual aqueous media, Preliminary experiments showed that when 
frozen fly heads were ground in alcoholic TCA at a low temperature, and the 
alcohol completely evaporated from the ground tissue, extraction of this with 
Ringer’s solution gave a higher yield of ACh than could be obtained from frozen | 
heads ground with frozen TCA-Ringer’s solution. From these experiments 
was developed Method B in which enzymes are inactivated by dispersing the 
tissue at —70° C in 1% TCA in alcohol. : 

In comparative determinations frozen fly heads in five groups of 20 were 
extracted by Method B, and unfrozen heads in five similar groups were ex- 
tracted by the ‘boiling method’, The results are shown in Table 2. It will 
be seen that the yield from the frozen heads is slightly but significantly higher 
than that from the boiled heads. Thus the previous lower yields from frozen 
fly heads could not have been due to a loss of ACh at the time of freezing, and 
it is evident that the ‘boiling method’ does not give spuriously high results. 
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Extraction of ACh from frozen fly heads dispersed in ethereal TCA 
(Method C) 

There are some features of Method B which are inconvenient when a number 
of determinations have to be carried out—chiefly the manipulations entailed 
in evaporation of the alcohol under reduced pressure, and also the necessity 
for special homogenizer tubes. However, it was not thought desirable to 
carry out the evaporation at ordinary pressure and to hasten the process by 
heating, owing to the risk of acid hydrolysis of ACh as the TCA becomes con- 
centrated, and possibly of some alcoholysis. It seemed then that considerable 
advantage was to be gained if the tissue could be dispersed with equal efficacy 


TasBLE 3. ACh from frozen Calliphora heads: Methods B and C compared 


Expt. (i) Expt. (ii) 

Wt. of 20 ACh yield Wt. of 20 ACh yi 
heads (mg) (ug/g) heads (mg) (ug/g) 
Method B ( 85-2 35-6 83-6 33-5 
sion at — 70° C in 82-5 34-4 : 82-9 29-1 
alcoholic TCA) 82:7 35-0 79-8 33-0 
82:3 32-5 81-8 33-0 
83-8 34-7 81-4 33-4 

Mean 34-4+0:5 (s.z.) Mean 32-4+0-8 (s.z.) 
Method C  (disper- 84-7 32-5 81-2 32-4 
sion at —70° C in 80-4 35-6 
ethereal TCA) 84-7 34-3 78-9 ; 34-2 
| 84-7 32:3 87-4 31-7 
84:5 33-6 82-0 31-3 

Mean 33-7+0+6 (s.z.) Mean 32-6+0-5 (s.z.) 


in a more volatile solvent. Therefore a direct comparison was made between 
etheral TCA and alcoholic TCA as dispersion media; and the experiment was 
later repeated using flies of a different generation. The results given in Table 3 
show that there was no significant difference between the mean yields by the 
two methods, so that ether may satisfactorily replace alcohol as a vehicle 
for the TCA. Hence, considering the simpler and more rapid evaporation . 
_ procedure and the greater facility with which several evaporations may be 
effected simultaneously, Method C has been adopted for routine use. 


Effect of decapitation on the ACh content of the fly’s head 

In order to find out whether decapitation of the live insect could itself bring 
about a change in the ACh content of the head, we compared the ACh content of 
heads from flies frozen whole with that of heads frozen after decapitation. 
Whole flies were frozen and decapitated in liquid nitrogen in groups of 20. 
For each group a homogenizer tube (lightly corked), containing 3 ml. of 1% 
TCA in ether, was cooled to —70°C, and rapidly weighed while lagged in 
cotton-wool in a light plastic cylinder. The heads were immediately trans- 
ferred from liquid nitrogen to the ethereal TCA, the weight was redetermined, 
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and the tube replaced in the freezing mixture. The heads were homogenized 
and extracted following Method C. In a parallel series of extractions by the 
same method the heads were cut from live flies in groups of 20, weighed in 
the usual manner, and then frozen in liquid nitrogen within 2 min of decapita- 
tion. As seen from the results in Table 4 there was no significant difference 
between the mean yields of ACh in the two series. Accordingly we have as- 
sumed that the ACh extractable from the fly’s head frozen within 2 min of 
decapitation represents the ACh content in vivo. : 


Taste 4, Effect of decapitation on ACh content of Calliphora heads 
Wt. of 20 heads ACh yield 


| (mg) (ug/g) 

Heads cut from flies 64-4 37°5 
frozen whole 70-5 37-0 
62-6 40-5 
63-5 

Mean 38-7+0-9 (s.z.) 
Heads frozen after 69-0 36-8 
decapitation of the 7153 37-4 
live fly 67-5 38-1 
66-1 40-4 
69-7 36-4 


Mean 37-8+0-7 (s.E.) 
Means not cadieusies different (P >0-4, ¢ test). 


DISCUSSION : 
Our yields of ACh from frozen fly heads ground with frozen TCA-Ringer’s 


solution are comparable with those which Lewis & Smallman (1956) obtained | 


by TCA extraction of the unfrozen heads. This observation is in accord with 
that of Crossland et al. (1955), who reported that the yield of ACh from frozen 
rat brain ground with solid CO, and frozen aqueous TCA was the same as 
that obtained from the unfrozen tissue by direct TCA extraction. However, 
the yield of ACh from fly heads by either method is lower than that obtain- 
able by extraction of boiled heads. Hence it was necessary to reconsider 
whether there might be a loss of ACh, either at the time of freezing, or at the 
time of thawing before penetration of TCA into the particles of ground tissue. 

It seemed that one could only be certain of precluding enzymic loss at the 


time of thawing by ensuring complete destruction of the enzymic activity — 


while the tissue was still in the frozen state. Dispersion of the frozen tissue at 
—70° C in an organic solvent containing TCA has proved effective for this 
_ purpose,.The organic solvent is not used as an extraction medium; it is merely 
a vehicle for the TCA, being completely evaporated from the dispersed tissue, 
which is then extracted with an aqueous medium. Although the method in 
which alcoholic TCA is the dispersion medium gives maximal yield of ACh, 


it is not convenient for routine use owing to the necessity of evaporating the 
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solvent and of concentrating the acid below room temperature. The use of 
ether instead of alcohol overcomes this objection, and this procedure is there- 
fore recommended for the extraction of ACh from frozen insect tissue. . 
The fact that we have been able to obtain yields of ACh from frozen tissue 
at least equal to those from boiled tissue suggests that no loss occurs at the 
time the tissue is frozen, and shows that the yields obtained by the ‘boiling 
method’ are not spuriously high. Therefore it may be concluded that the 
lower yield from frozen fly heads which have been ground with frozen TCA- 
Ringer’s solution is in fact due to loss of ACh by enzymic hydrolysis when the 
mixture thaws. It is open to question whether such a loss is not inevitable 
when cholinesterase in frozen tissue is to be inactivated by an agent carried in 
frozen Ringer’s solution, since under these conditions thawing must precede 
penetration of the inactivating agent. Thus there will always be a time, 
however brief, during which cholinesterase can hydrolyse ACh before the 
enzyme is inactivated. The loss of ACh during this interval will depend on the 
‘concentration of cholinesterase, and with many tissues it may indeed be 
negligible. On the other hand, with tissues containing a high concentration of 
cholinesterase this loss may be appreciable. High cholinesterase content has 
been demonstrated in several species of Diptera (including some blowflies), 

“where the activity per unit weight of brain tissue equals that of any known 
natural source of cholinesterase’ (Metcalf, March & Maxon, 1955); it has also 
been reported that the cholinesterase concentration in the brain of the house- 
fly is about 30 times that in the brain of the mouse (Metcalf & March, 1950). 
Hence it would seem probable that the difficulty of preventing loss during 
extraction of ACh from frozen fly heads can be referred to their extraordinarily _ 
high cholinesterase content. It is evident from our investigations that when 
ACh is to be extracted from such tissue it is essential to ensure that complete 
destruction of enzymic activity precedes thawing. 

- According to Crossland et al. (1955) considerably less ACh is found in frozen 
rat brain when the head is severed before being frozen than when the brain is 
taken from the animal frozen whole. Our experiments with flies frozen whole, 
on the other hand, provide no evidence that the act of decapitation itself causes 
any sustained change in the ACh content of the head. Thus ACh values 
determined on fly heads soon after decapitation are a valid measure of the 
ACh content in vivo. 


1. Experiments to test the validity of methods of extraction of ACh from 
frozen insect tissue have been carried out with the head of the blowfly, 
Calliphora erythrocephala. 

2. The yield of ACh from frozen fly heads ground with frozen 10% TCA- 

Ringer’s solution is comparable with that obtained from unfrozen heads by 
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extraction with the same medium, but is lower than that obtainable by 
extraction of boiled heads. 

3. Maximal yields of ACh are obtained from frozen fly heads dispersed at 
—70° C in alcoholic or ethereal TCA. The alcohol or ether, used merely as a 
vehicle for the TCA, is completely evaporated from the tissue before this is 
extracted with an aqueous medium. The yields are slightly but significantly 
_ higher than that obtained by extraction of boiled heads. 

4. The method employing ethereal TCA as dispersion medium is recom- 
mended as a routine method for the determination of ACh in frozen insect 
tissue. 

5. The investigations suggest that when ACh is to be extrncted from tissue 
of high cholinesterase content it is essential to ensure that complete destruction 
of enzymic activity precedes thawing. 

6. There is no evidence that the act of decapitation itself causes a change in 
the ACh content of the fly’s head. 


This paper is published by permission of the Department of Scientific and Industrial Research. 
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EXCITATORY ACTION OF THE VAGUS IN THE ISOLATED 
ATRIA IN RELATION TO ADRENALINE 


By J. H. BURN ann M. J. RAND 
From the Department of Pharmacology, University of Oxford 


(Received 3 February 1958) 


Recently we have described experiments (Burn & Rand, 1957) in which we 
used a preparation of rabbit atria with the vagi attached, which was set up 
in an isolated organ bath as described by McEwen (1956). A mechanical 
record of the atrial contractions was obtained, and when the vagus nerves were 
stimulated, either separately or together, the contractions were inhibited. 
When the temperature of the bath was gradually lowered, the atrial con- 
tractions continued until the temperature fell below 23°C, and while they 
continued the effect of vagal stimulation was unchanged. At a temperature 
which lay between 23 and 16° the contractions became much slower and then 
stopped. Provided the temperature did not fall much below that at which the 
beat was arrested, stimulation of the vagi then caused contractions to begin 
again. Usually they continued only for 0-5-1-0 min, but sometimes they — 
persisted. We observed that this excitatory effect of vagal stimulation when 
the atria were not contracting was abolished by atropine, and therefore con- 
cluded that it was due to acetylcholine. 

There is, however, some evidence that stimulation of the vagus can cause 
acceleration of the heart at normal temperatures. Such evidence was first 
obtained by Dale, Laidlaw & Symons (1910), who took cats anaesthetized with 
paraldehyde, and stimulated the vagus after giving one of a series of substances, 
among which were tropine and nicotine. They observed that the heart rate was 
raised when the vagus was stimulated. They showed that this action persisted 
when all sympathetic nerves which might have sent branches to the vagus had 
been removed. More recently Hoffmann, Hoffmann, Middleton & Talesmik 
(1945) showed that when acetylcholine acted on the perfused heart an adrena- 
line-like substance appeared in the perfusate. In 1953 Kottegoda showed that 
when rabbit atria were contracting in an isolated organ bath in the presence 
of atropine, a high concentration of acetylcholine (4x 10-* g/ml.) had a 
stimulant action which was blocked by hexamethonium. These observations 
all pointed to the possibility that some of the ganglia in the heart on which the 
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preganglionic vagal fibres end might be adrenergic, and that vagal impulses 
might therefore liberate adrenaline or noradrenaline. We now describe 
experiments which indicate that the excitatory effect of vagal stimulation in 
rabbit atria arrested by cooling is due to the action of acetylcholine itself, and 
not to that of adrenaline or noradrenaline released from sige nerves or 
liberated 


METHODS 


The preparation of rabbit or cat atria with the vagus nerves attached was set up with the modifi- 
cations previously described (Burn & Rand, 1957) of McEwen’s procedure. In the cat, as in the 
rabbit, the cervical vagus alone was stimulated, after separation of the sympathetic. 

Three experiments were made with atria from cats in which both stellate ganglia and both 
superior cervical ganglia had been removed previously. Usually one stellate ganglion was removed 
first and, when the cat had fully recovered, the other was removed together with both superior 
cervical ganglia. After an interval of 10 days or longer, the atria were prepared for the experiment. 

In experiments in which rabbits were treated with reserpine, a solution of reserpine in 20% 
ascorbic acid was used. On the first day a dose equivalent to 1-5 mg/kg was given by intra- 


' peritoneal injection, and on the following day a dose equivalent to 5 mg/kg was given by intra- 


venous injection. The atria were taken for the experiment on the third day. 


RESULTS 
Observations with adrenaline : 

Rabbit atria. In several experiments on rabbit atria the effect of adrenaline 
was observed, and the results in all were similar to that shown in Fig. 1. In 
Fig. la, electrical stimulation of the vagi when the bath temperature was 
25°C and the atria were contracting had the usual inhibitory action. On | 
cooling the bath to 223° C the contractions ceased, and as shown in Fig. 1b 
stimulation of the vagi then caused contractions to start again for a period of 
2 min. This excitatory effect was observed three times in succession, and then 
atropine sulphate was added in a concentration of 10-* g/ml. In the presence 
of atropine, vagal stimulation was without effect, as is shown in Fig. 1 (c). 
Adrenaline was then added to the bath in a concentration of 5 x 10-* g/ml. and 
contractions then began and continued. During these contractions vagal 
stimulation had no effect, atropine being still present. The experiment showed 
that atropine prevented the excitatory effect of vagal stimulation but did not 
prevent that of a low concentration of adrenaline; this result made it difficult 
to suppose that the excitatory effect of vagal stimulation was mediated by 
adrenaline. 

Experiments with cat atria. We next carried out experiments with cat atria 
and observed some differences. When the bath temperature was raised, after 
cooling to arrest the contractions, beating was resumed in rabbit atria at 
temperatures 2-3° C greater than those at which beating was arrested, whereas 
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in some cat atria beating was only resumed at higher temperatures, which in 
four experiments were respectively 24-5, 27-5, 28-5 and 29-5° C. We observed 
that vagal stimulation applied to quiescent cat atria caused excitation in 
eight preparations out of nine, but in only three of these was the excitatory 
effect comparable with that usually seen in rabbit atria, being confined in the 


Fig. 1. Isolated atria from reserpine-treated rabbit: (a) Inhibition due to vagal stimulation at 
25° O; (6) temperature lowered to 22-3° C and contractions arrested ; vagal stimulation caused 
contractions for 2 min. (c) Atropine 10~* g/ml. added to the bath; vagal stimulation had no 
effect, but adrenaline 5 x 10-* g/ml. caused contractions to begin; vagal stimulation remained 
without effect. 


others to one or two contractions occurring at the end of stimulation. Further, 
in six of the experiments in which we determined the effect of atropine, the 
excitatory effect was blocked only in four, while in the other two experiments 
it was increased. 
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An experiment using atria taken from a cat, in which both stellate ganglia 
and. both superior cervical ganglia had been removed not less than 10 days 
previously, is shown in Fig. 2. The removal of these ganglia may not have 
caused degeneration of all sympathetic fibres to the heart, but it must have 
caused degeneration of any fibres in the vagus at the point of stimulation. In 
the experiment shown in Fig. 2 the bath temperature was lowered until the 
atria ceased to beat, and at the beginning of Fig. 2a they had remained 


quiescent for 3 hr at a temperature of 23-5° C. Both vagi were stimulated for — 


3 min and contractions began as shown. The contractions continued, and when 
the vagi were stimulated again (Fig. 26) the contractions were arrested for the 


Fig. 2. Isolated atria from cat in which both stellate ganglia and both superior cervical ganglia 
had been removed. (a) At a temperature of 23-5° C the atria did not contract during 3 hr; 
stimulation of both vagi caused contractions to begin. (b) The contractions being established, 
vagal stimulation caused inhibition. (c) After the bath was cooled to 20° C and the atria had 
stopped again, stimulation caused one beat on each of three occasions, but in the presence 
of atropine 10-* g/ml. stimulation had no effect, as shown. (d) On raising the temperature to 
23-8° C contractions were resumed, and vagal stimulation had almost no effect. 


duration of stimulation. The bath was then cooled again until the contractions 
ceased at 19-6° C, and vagal stimulation was then applied three times at the 
temperatures 20, 20-2 and 20-5° C. Each time a contraction occurred at the 
end of stimulation. Atropine (10-* g/ml.) was then added to the bath, and 
stimulation was again applied, the temperature then being 20-8° C. As shown 
in Fig. 2c, there was no response. On raising the temperature further spon-— 
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taneous beating began at 23-8° C, and stimulation at this time had practically 
no inhibitory effect (Fig. 2d). 

While the result just described suggested that the excitatory effect in the 
cat was mediated by acetylcholine, the following experiment gave a different 
result. Fig. 3a shows that the inhibitory effect of vagal stimulation at 30° C 


Fig. 3. Isolated cat atria. (a) At 30° C vagal stimulation caused inhibition followed by accelera- 
tion to 108 contractions/min. (b) At 20-5° C the contractions were arrested and vagal stimu- 
lation caused two small contractions. (c) At 23°C there were small contractions; vagal 
stimulation arrested these, but was followed by increased contractions. (d) In the presence 
of atropine 10-* g/ml., vagal stimulation caused a much greater increase in contractions. 


(e) At 30° C stimulation again caused an increase in contractions, the rate rising to 130 con- 
tractions/min. 


was succeeded by acceleration to 108 obintdennnali The bath was then 
cooled and the stimulation shown in Fig. 3b at 20-5°C caused two small 


contractions. On raising the ternperature further, contractions began which 


were very small. Stimulation for 0-5 min arrested these, but they became 

larger when the stimulation ceased. At this point the temperature was 23° C. — 

Atropine (10-* g/ml.) was then added to the bath, and without change of 

temperature stimulation then caused the effect seen in Fig. 3c, Thereafter the 

temperature was raised to 30° C and stimulation then accelerated the rate 
12 PHYSIO. CXLII 
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from 64 to 130/min. In this experiment on cat atria the excitation caused by 
stimulation was certainly not abolished by atropine, but was intensified in its 
presence, and was presumably due to noradrenaline or adrenaline. 

While this result was obtained in a normal cat, a similar excitatory vagal 
effect which was not modified by atropine was observed in a cat from which 
the sympathetic ganglia had been removed as in the experiment of Fig. 2. 


Effect of reserpine 
Reserpine has been shown by Bertler, Carlsson & Rosengren (1956) to cause 

the disappearance of catechol amines from the hearts of rabbits. Whereas in 
normal animals they found a mean amount of 1-57 ug/g estimated as nor- 
adrenaline, in rabbits treated with reserpine they found a mean amount of 
0-03 pg/g. We have demonstrated (Burn & Rand, 1958) that atria taken from 
such rabbits and suspended in a bath are not stimulated by the addition of 
nicotine as are normal atria (Kottegoda, 1953). This stimulant action of 
nicotine is best seen in the presence of atropine, for in the absence of atropine 
the effect of nicotine is a mixed effect in which inhibition pe mates at 
first and excitation later. 


We have also observed that the excitatory action of acetylcholine on rabbit | 


atria, which is similarly seen in the presence of atropine, is absent in atria 
taken from rabbits treated with reserpine. This excitatory effect is seen only 
when high concentrations are employed, and as Kottegoda (1953) showed it is 
blocked by hexamethonium. It is more difficult to observe this excitatory 
action of acetylcholine than that of nicotine since, as Giotti (1954) pointed out, 
a greater concentration of atropine is needed to mask the inhibitory effect. — 
The inhibitory effect of nicotine is absent in the presence of an atropine 
concentration of 0-25 x 10-* g/ml., whereas that of acetylcholine is abolished — 
only by 10- g/ml. This higher concentration of atropine is enough to depress 
the stimulant action also as Giotti showed. However, in an experiment on 
atria from a normal rabbit in the presence of atropine (10-5 g/ml.) the addition 
of acetylcholine (5x 10-5 g/ml.) raised the rate of contraction from 128 to 
152/min, while in an experiment on atria from a rabbit treated with reserpine 
a similar concentration of acetylcholine (in the presence of atropine 10-° g/ml.) 
caused a slight fall from 84 to 72/min. 

These observations showed that excitatory effects presumably due to the 
release of noradrenaline or adrenaline were absent in atria from rabbits 
treated with reserpine. We therefore examined the excitatory effect of vagal 
stimulation in such atria when cooled until contractions ceased. We found that 
it was much easier to demonstrate the excitatory effect in atria from rabbits 
treated with reserpine than it was in some atria from normal rabbits. The 
excitatory effect was reproduced repeatedly in these atria, in some experi- 
ments being observed more than thirty times. In such an experiment it was 
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possible to determine the least stimulation which would initiate the con- 
tractions. Fig. 4 is an example in which it was found that when the pulse 
duration was reduced to 0-15 msec, two single pulses at an interval of 1 sec 
were sufficient to initiate contractions, though one single pulse was not. 
Similarly, two single pulses at an interval of 3 sec were not sufficient. The 
contractions, having begun, then continued, but they were arrested 5 min 
later by one single pulse. 


Fig. 4. Isolated atria from rabbit treated with reserpine. At 17° C the contractions were arrested. 
Stimuli were applied to the right vagus of 0-15 msec duration; stimuli marked 1 consisted of 
one single pulse; stimuli marked 2 consisted of two pulses at 1 sec interval. Two pulses 
started the contractions; one pulse stopped them. 


The effect of eserine 

Further evidence that the excitatory action of the vagi on quiescent atria 
was due to acetylcholine was obtained by observing the effect of adding 
eserine to the bath. An example of this effect is shown in Fig. 5 where in 
Fig. 5a the excitatory effect was recorded before the addition of eserme. We 
had often noted that in many experiments, though not in all, contractions did 
not begin until stimulation ceased, as shown in Fig. 5a. Eserine (10~* g/ml.) 
was then added and as successive stimulations were applied two changes were 
observed. Contractions did not begin when stimulation ceased, but only after 
an interval which grew with the length of time after the addition of eserine. 
Thus in Fig. 5b, which was the fourth stimulation after that shown in Fig. 5a, 
the contractions did not begin for 1:2 min. When eserine was removed and the 
bath fluid was changed several times, this interval diminished and in Fig. 5c © 
was 0-4 min. In the second place the contractions continued for a longer time 
in the presence of eserine. Before eserine was added, they continued for 
1-1 min (Fig. 5a). In Fig. 56 they continued for 8-1 min. In Fig. 5c, when 


eserine was in process of removal, they continued for 3:6 min. Fig. 5d shows 
12-2 
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that stimulation was without effect in the presence of atropine, and Fig. 5e 
shows that when the bath was warmed to 25° C and contractions were resumed, 
stimulation was also without effect. 


The action of muscarine 


If the excitatory effect of vagal stimulation was due to the acetylcholine 
which it released, and if the effect of this acetylcholine was not a nicotine-like 


Fig. 5. Isolated atria from rabbit treated with reserpine. At 19° C the contractions were arrested. 
_ (a) Vagal stimulation for 1 min. (6) Vagal stimulation in the presence of eserine 10~* g/ml. ; 
this was the 4th stimulation after (a); the interval between the end of stimulation and the 
beginning of contractions grew longer, and the period for which the contractions were main- 
tained also grew longer. (c) The bath fluid was changed to remove the eserine, and the 
changes described in (b) were reversed. (d) Failure of stimulation in the presence of atropine 
5 x 10-7 g/ml. (e) Bath warmed to 25°C; contractions were resumed but in the —- 

of atropine stimulation of the vagus was ineffective. 
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effect, it would be expected to be a muscarine-like effect, and to be exerted 
by muscarine. At the suggestion of Sir Henry Dale we tested the effect of 
muscarine, which we obtained through the kindness of Dr D. W. Adamson of 
the Wellcome Research Laboratories. The result of one experiment is shown 
in Fig. 6 in which atria were cooled to 16°C and contractions were very 
infrequent, occurring only at intervals of 0-5-1-0 min. When muscarine was 
added to the bath in a concentration of 10-* g/ml., regular contractions began 


Fig. 6. Isolated atria from reserpine-treated rabbit. At a temperature of 16°C the contractions 


were infrequent. After the addition of muscarine 10-* g/ml. the contractions increased in 
frequency and amplitude. 


after a latent period of 3 min. This effect corresponded to the effect of acetyl- 
choline which was described by Marshall & Vaughan Williams (1956), who 
found that a concentration of 10-’ g/ml. started the contractions of atria 
after an interval of 1-2 min. 

A further observation was made with muscarine, as shown in Fig. 7. 
Briscoe & Burn (1954) described that when atria were exposed for some time 
to the action of a concentration of quinidine sulphate, the contractions 
diminished in amplitude and rate, and finally stopped. If acetylcholine was 
added to the bath in sufficient concentration, the contractions then began 
again. In Fig. 7a is shown the inhibitory action of muscarine (5 x 10-* g/ml.) 
on atria beating at 30° C, and the recovery of the contractions after removal 
of the muscarine. In Fig. 7b is shown the effect of adding quinidine sulphate 
(3 mg to a bath of 40 ml.). The contractions were reduced and finally arrested. 


Fig. 7¢ shows the record 10 min later when muscarine had been added in 
12-3 
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amounts of 2, 4, 8 yg, etc., until the addition of 132 ug, making a total of 
258 wg. This caused the contractions to begin again, as the addition of acety]- 
choline would have done. It therefore appeared that this action of acetyl- 
choline was also a muscarine-like action. 


i: 7. Isolated atria from rabbit treated with reserpine. (a) At 30°C, when contractions were 
normal, the addition of muscarine 5 x 10-* g/ml. caused arrest; on changing the fluid con- 
tractions were resumed. (b) Quinidine sulphate was added to a total of 3 mg; the contractions 
were arrested. (c) Contractions began again after the addition of muscarine to a total of 
258 pg. 


DISCUSSION 


The results obtained seem to clarify a somewhat confusing position. It has 
been known since the early work of Dale et al. (1910) that vagal stimulation in 
the cat can cause a rise in heart rate in the presence of certain substances like 
tropine and nicotine. Furthermore, acetylcholine was shown by Hoffmann 
et al. (1945) to liberate an adrenaline-like substance from the perfused rabbit 
heart. When therefore we found that vagal stimulation of atria, cooled until 
they ceased to beat, would start the contractions again, it was natural to think 
that this effect might be explained by the release of an adrenaline-like sub- 
stance. Acetylcholine has two effects on blood vessels; there is a muscarine- 
like action causing vasodilatation which is abolished by atropine, and a 
nicotine-like action causing vasoconstriction best seen in the presence of 
atropine. The excitatory action of vagal stimulation on isolated atria can be 
considered in the same way. The excitation of rabbit atria at low temperature 
when they have ceased to beat is (1) an excitation which can also be produced 
by acetylcholine in concentration 10-7 g/ml. (Marshall & Vaughan Williams, 
1956) ; (2) an excitation which is abolished by atropine; (3) an excitation which 
is produced by muscarine; (4) an excitation which is prolonged in duration by 
the addition of eserine; and (5) an excitation which is best seen in atria taken 
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from rabbits treated with reserpine, in which a nicotine-like action of acetyl- 
choline can no longer be demonstrated. The excitation by vagal stimulation 
of cat atria at normal temperature is (1) an excitation which can also be pro- 
duced by acetylcholine but only in a much higher concentration such as 
5x 10-> g/ml. (Kottegoda, 1953); (2) an excitation which is best seen in the 
presence of atropine; (3) an excitation which is also produced by nicotine, 
though neither acetylcholine nor nicotine produce it in atria from rabbits 
treated with reserpine. 

In their paper Dale et al. (1910) stated that they had not observed the 
increase in heart rate when the vagi were stimulated in the rabbit, but only 
in the cat. Our experience was the same; vagal stimulation of isolated atria 
at 30° C in the presence of atropine produced acceleration in atria from the cat, 
but never in atria taken from the rabbit. From this it may be suggested that 
in the cat the preganglionic fibres of the vagus make connexion with some 
adrenergic ganglion cells; in the rabbit, however, there seem to be no such cells, 
and the acceleration of the rate by acetylcholine or nicotine in the presence of 
atropine is probably due to the release of noradrenaline from tissue which is 
not innervated by vagal fibres. : 

The explanation of the excitatory effect of vagal stimulation on quiescent 
atria, briefly indicated in our previous paper, is given in the recent paper by 
Marshall (1957). She has followed up the observations of Marshall & Vaughan 
Williams (1956) by taking intracellular records of the transmembrane po- 
tential. Using external electrodes Marshall & Vaughan Williams (1956) 
showed that, on cooling the atria, impulses recorded at the pace-maker were 
no longer propagated and did not cause an increase in tension. However, as 
long as impulses could be recorded at the pace-maker, the addition of acetyl- 
choline (10-7 g/ml.) resulted in the propagation of the pace-maker impulses 
and a. tension change. Marshall (1957) has now studied the changes with intra- 
cellular electrodes in both pace-maker and non-pace-maker fibres. She says 
“Lowering the temperature caused a fall in the diastolic membrane potential 


and action potential....The pacemaker fibres were the most resistant to 


cooling and continued to discharge at a temperature where all conducted 
action potentials and mechanical contractions had ceased. The addition of 
acetylcholine (10-? g/ml.) to the auricle chamber at a temperature where only 
the pacemaker fibres were discharging elicited propagated action potentials 
and contractions. This action of acetylcholine was associated with an increase 
in diastolic membrane potential. ...’ She found that in the fibres outside the 
pace-maker area there was an abrupt disappearance of the conducted action 
potential when the diastolic membrane potential fell below 60 mV. When 
acetylcholine was added to the bath, after about 2 min the membrane po- 
tential increased in one of her experiments from 58 to 62 mV, and this small 
increase was sufficient for the appearance of conducted action potentials. The 
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action of acetylcholine is probably due to its effect in increasing the perme- 
ability of the membrane to potassium (Harris & Hutter, 1956) and so allowing 
the membrane potential to move nearer to the potassium equilibrium potential. 
At the higher membrane potential an impulse is able to depolarize because the 
rate of entry of sodium ions is faster; as Weidmann (1955) has shown, when 
the membrane potential is too low, the rate of sodium entry is too slow to 
depolarize. 

A consideration of the observations we made when eserine was added shows 
that vagal stimulation had two effects. We had been surprised that vagal 
stimulation often did not cause excitation of quiescent atria while it was 
applied but only when the stimulation stopped. In the experiments in which 
eserine was added the excitation did not begin even when the stimulation 
stopped, but only after an interval which increased the longer the time eserine 
was in the bath, and which decreased again when eserine was removed. This 
is Shown in Fig. 5. This delay showed that vagal stimulation had two effects, 
the first of which was to delay the appearance of excitation. We suggest that 
this delay was due to the effect of vagal stimulation on the pace-maker, sup- 
pressing the impulses arising there by the ordinary process of vagal inhibition. 
In the absence of impulses from the pace-maker the increased excitability of 
fibres outside the pace-maker area, due to the rise in the membrane potential, 
could not make itself evident. Contractions thus did not begin until the effect 


of stimulation on the pace-maker was finished, the delay being increased in 


the presence of eserine. 

Thus we see that in atria cooled to the temperature at which saiitaas eae 
impulses are not propagated, but at which these impulses still arise, vagal 
stimulation has two effects. The first is the ordinary inhibitory effect on the 
pace-maker, shown by Hutter & Trautwein (1956) to be due to hyperpolariza- 
tion; the second is on the membrane potential of the non-pace-maker fibres, 


‘raising it to a point at which impulses from the pace-maker can depolarize 


and are in consequence conducted. Both these effects are sensitive to atropine, 
not being seen in its presence. 

However, we have made a third observation which was illustrated in our 
previous paper and is also illustrated in Figs. 2 and 4. This was that in some 
preparations vagal stimulation not only caused the atria to contract for a 


~ short period, but caused them to start contracting and to continue doing so. 


We consider that this observation is the consequence of another action of 
acetylcholine, an autocatalytic action on the choline acetylase system in the 
atria, which was described by Biilbring & Burn (1949). They showed that the 
choline acetylase activity in acetone-dried powders from atria which had 
ceased to beat was low, but was increased when acetylcholine was added before 


incubation, the increase being proportional to the amount added. Thus the 


acetylcholine released by vagal stimulation, in addition to the two effects 
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described, may increase the formation of acetylcholine in the atrial tissue to a 
point above the threshold value for maintaining the membrane potential at 
a sufficient height, and as a result the contractions are maintained. 

This explanation is supported by the observation (see Fig. 4) that when the 
beats were re-established, vagal stimulation, even when confined to a single 
pulse, inhibited the contractions not only for the moment but completely. 
Here the initial inhibition was no doubt an effect on the pace-maker, but its 
persistence may have been due to the other effect observed by Biilbring & 
Burn, that the choline acetylase activity in acetone-dried powders from atria 
which were beating was decreased when acetylcholine was added before 
incubation, the decrease being again proportional. to the amount added. 
Hence the complete arrest of contraction caused by a single pulse may have 
been due to the depression of the choline acetylase so that the amount of 
acetylcholine formed was then below threshold. 

The conception that choline acetylase normally forms acetylcholine to 
maintain the membrane potential has given rise to the question why the 
contractions of the atria under normal circumstances are not arrested by 
atropine. The rapid action of atropine on vagal stimulation may be due to 
vagal acetylcholine being liberated at a point which is extracellular. Acetyl- 
choline formed constantly by the atria may be intracellular and therefore not 
so readily neutralized. That atropine does affect normal contractions was 
shown by Armitage (1957) who found that atropine 10-* g/ml. perfused 
through the coronary vessels of the rabbit heart in the Langendorff prepara- — 
tion caused a decline of contractions almost to zero in 3 min. Since this effect 
was reversed by changing to a perfusion fluid containing the same concentra- 
tion of atropine but one-quarter the concentration of K+, it wasevident thatthe _ 
atropine acted by reducing the membrane potential, that is tosay by reducing the 
action of the acetylcholine which was maintaining it. A further study of the 
action of atropine is in progress. We are also studying the effect of temperature 
on the choline acetylase in the atria. We know that this enzyme is constantly 
producing acetylcholine, and if it is found that this production fails at the tem- 
perature at which the atria cease to beat, the conclusion will be inescapable that 
one, at least, of the functions of the acetylcholine so produced is to maintain the 
membrane potential. 

SUMMARY 

1. Further observations have been made on the excitatory effect of ae 
stimulation on rabbit atria at low temperature when they have ceased to 
contract. It was confirmed that the effect was abolished by atropine, and it 
was found that in the presence of atropine, when stimulation was without 
effect, adrenaline would start the contractions. 

2. When atria were taken from cats, vagal stimulation of quiescent atria 
resulted 1 in contractions being resumed, but in some preparations (though not 
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in all) this effect was not abolished by atropine and was then probably due to 
the release of an adrenaline-like substance. Vagal stimulation in the presence 
of atropine caused acceleration of some cat atria, but never of rabbit atria. 

3. When rabbits were treated with reserpine, and the vagal—atria prepara- 
tion was made, the excitatory effect of vagal stimulation at low temperature 
was seen much more regularly than with normal atria. With such atria the 
stimulant action of nicotine and of large concentrations of acetylcholine in _ 
presence of atropine was absent. 


4. In atria from reserpine-treated rabbits the excitatory effect of vagal 
stimulation was shown to be enhanced by eserine. 

5. Muscarine was found to cause stimulation of atria at low temperature. 

6. The evidence showed that the excitatory effect of vagal stimulation at 
low temperature was due to a muscarine-like action of acetylcholine. It is an 
action exerted on the non-pace-maker fibres of the atria, raising the membrane 
potential above the threshold at which impulses from the pace-maker can 
depolarize and be propagated. 
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By CATHERINE 0. HEBB ann V. P. WHITTAKER 
From the A.R.C. Institute of Animal Physiology, Babraham, Cambridge 
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There have been many suggestions that a large part of the acetylcholine — 
(ACh) of nervous tissue is not in a freely diffusible form but instead is bound in 
some way to the tissue; and that the binding may involve some kind of sub- 
cellular particle such as the mitochondrion (Bodian, 1942; Brodkin & Elliott, 
1953). From Feldberg’s (1945) analysis of the problem it appears that the 
ester enters the bound state as it is produced: or, as he has phrased it, ‘acetyl- 
choline. ..is synthesized into this linkage’. It may be therefore that within 
the cell the ester is in close spatial association with the enzyme of synthesis, 
that is with choline acetylase. The intracellular distribution of this enzyme 
was studied by Hebb & Smallman (1956) who found that after differential 
centrifugation of rabbit brain homogenates, 50-70% of the choline acetylase 
present could be recovered in the granule fraction which included the bulk 
of the mitochondria; while most of the balance was dissolved enzyme. The 
present inquiry was directed toward obtaining more information about this 
distribution and about its relation to the distribution of ACh. 


METHODS 


Differential centrifugation. Homogenates of nerve tissue were prepared as described by Hebb 
& Smallman (1956) with the differences that the suspension medium used was 0-32mM instead of 
0-25m sucrose and contained eserine (5 x 10-° m). In each centrifugation the gravitational effect is 
expressed in g.min; that is, as the product of the gravitational force g and the time of spinning in 
minutes, In all experiments a Servall bench centrifuge was used to prepare the first two particu- 
late fractions, the nuclear fraction, P 1, and the mitochondrial fraction, P2. After collection of P2, 

in most but not all experiments, the microsomal fraction P3 was separated from the final super- 
- natant 8, by centrifugation in a Spinco Model L preparative ultracentrifuge. The Spinco was also 
used to refractionate P2 by the density gradient technique as described by Kuff & Schneider 
(1954) and by Blaschko, Hagen & Hagen (1957). To collect the subfractions of P2, a cutter was 
used similar to the one described by Randolph & Ryan (1950) and designed by Dr Schuster for 
Blaschko and his co-workers. We should like to record our thanks to the latter authors for demon- 
strating their technique to us. 


4 
2 
a 
g 
5 
4 
| 
2 
‘ 


188 CATHERINE O. HEBB AND V. P. WHITTAKER 


Enzyme measurements. Choline acetylase activity was measured by the method described by 
Hebb & Smallman (1956). In this method the homogenate and particulate fractions are treated 
with ether in order to obtain full enzyme activity. 

An approximate estimate of succinic dehydrogenase activity was obtained by a colorimetric 
method similar to that recently described by Kuriaki & Nagano (1957). 

Estimation of ACh. The ACh in the homogenate and its fractions was assayed on the frog rectus 
abdominis muscle preparation using the precautions described by Feldberg & Hebb (1947) to 
avoid errors of measurement from sensitization of the muscle. 

To determine the total ACh content of a sample, any ‘bound’ ester was first released by treating 

the sample with acid. Two procedures which gave identical results were used. In the first pro- 
cedure, that used in most experiments, the sample was brought to pH 4 by addition of 4n-HCl 
and heated in a boiling water-bath for 10 min, In the second procedure (cf. MacIntosh & Perry, 
1950) trichloroacetic acid was added to the sample to give a final concentration of 10% (w/v) 
and the mixture was left in the cold for 90 min; it was then centrifuged, the precipitate resus- 
pended in 10% (w/v) trichloroacetic acid and recentrifuged. The supernatants were combined, 
extracted with ether and then aerated to remove the ether. Free ACh was measured by assaying 
the untreated samples of the homogenate and its fractions as soon as possible after their prepara- 
tion. Samples for assay of totai ACh could be stored in the cold at pH 4 after acid treatment 
without change. The difference between the total and free ACh content represents the bound 
ACh. 
Histological observations. Microscopic examination of the homogenate and of the particulate 
fractions was done routinely. Fresh smears stained with Janus Green (0-02% in aqueous 0-32m 
sucrose and 0-002mM-NaCl) were observed during a period of 30-60 min, depending upon the rate 
of development and disappearance of the colour reaction. In all experiments smears were pre- 
pared in two ways: some were fixed in 10% neutral formol-saline and stained with haematoxylin 
- and eosin; others were fixed in 2% osmic acid and stained with aniline acid fuchsin. In some 
experiments additional smears were fixed in 10% mercuric formaldehyde and stained with Sudan 
III and IV or with Sudan Black. Sudan Black in 50% diacetin was also tried on some smears 
fixed briefly in formol-saline. 


RESULTS 


The nuclear fraction P1, precipitated at 7500-10,500 g.min, was the least 
homogeneous fraction. Histological examination showed that it contained all 
the nuclei, a few mitochondria, and varying amounts of intact cells and tissue 
fragments, among which were neuroglia, pieces of blood vessels and connective 
tissue. The mitochondrial fraction P2, precipitated at 450,000 g.min, con- 
tained the bulk of the mitochondria. The microsomal fraction P3 was separ- 
ated from the final supernatant, S, by centrifugation at 3,000,000 g,min. To 


obtain this fraction Hebb & Smallman (1956) had used a centrifugal force of 


only 1,500,000 g.min. We doubled it in order to be certain that the choline 
acetylase in the final supernatant was dissolved enzyme and not enzyme 
associated with particles that had not been precipitated by the final centrifuga- 
tion. Our results confirmed their conclusion that the activity of the super- 
natant was due to dissolved enzyme. 

The histograms of Fig. 1 show the results of three experiments on rabbit 
brain, one on guinea-pig brain and one on the sheep caudate nucleus. There is 
a high degree of correlation between the distributions of enzyme and ester, a 
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fact which strongly suggests that the two have the same intracellular distribu- 
tion. The correlation is particularly striking when the values for enzyme and 
ester in the supernatant fraction of the five experiments are compared. 

In one experiment, in which the optic lobes and cerebral hemispheres of 
six pigeons were analysed, there was again good agreement between the dis- 
tributions of ACh and choline acetylase in the different fractions, but the 
results differed from the previous ones in that among the optic lobe fractions | 
the supernatant contained the largest amount of enzyme and P2 had rela- 
tively less activity. 


Rabbit brain Rabbit brain Rabbit brain Guinea-pig Sheep caudate 
-100 1 2 3 brain 


nucleus 
(135%) (75%) (85%) (100%) (108%) 

F il . 

| is 

(134%) (70%) (79%) (99%) 


P1P2P3 P1P2P3 S P1P2P3 S du 
Fig. 1. Histograms showing distribution expressed as percentage of total recovery in fraction- 
ated homogenate of ACh (upper row) and of choline acetylase (lower row). The figures in 
brackets show the total recoveries from the fractions, expressed as percentage of activities 

in the original homogenate. 


P1P2P3 S 


In all experiments there was a tendency for the sucrose-suspended homo- 
genates to clump and sediment. Because of this, sampling of the whole homo- 
genate for analysis was liable to error unless it was vigorously mixed im- 


_ mediately beforehand; and it was due to inadequate mixing in Expts. 1-3 of 


Fig. 1 that the values for total enzyme and ester recovered from the separate 
fractions did not correspond with those found for the original homogenate. 
Nevertheless, the correspondence between the recovered choline acetylase 
and recovered ACh in individual fractions was surprisingly good, when these 
were expressed as a percentage of the total recoveries. 

Histological examination of the mitochondrial fraction revealed the pre- 
sence of particles which were variable in shape and size. All appeared to be 
sudanophilic, were stainable by aniline acid fuchsin and gave a colour reac- 
tion with Janus Green. None of the stains seemed to have any special affinity 
for one type of particle. Some particles appeared to be simple vesicles; 
others were more complex in structure. Both spherical and elongated par- 
ticles were present. The largest were about 4-5 in length, the smallest 
too small to be visualized clearly with the conventional microscope. 

In the first two experiments in which P2 was refractionated this was done 
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over layers of 0-8, 1-2, 1-6 and 2-0m sucrose and the tubes were layered less 
than 1 hr before centrifuging. Since the 1-6 and 2-0m layers were virtually 
devoid of activity, the refractionation in subsequent experiments was done 
over layers of 0-8, 1-0, 1-2 and 1-6m sucrose. In these experiments the tubes 
were prepared 1-5 hr before centrifuging. Within these limits the time interval 
had no detectable effect on the results. As the material itself was suspended in 
0-32 sucrose the gradient at the top of the tube was 0-32-0-8m. 

The results of the first experiment are given in Fig. 2. The three subfrac- 
tions A, B, and C were collected by pipette from the layered tubes without 
using the Schuster cutter. A consisted of the 0-32m and 0-8 sucrose layers, 


100 
(113%) 


ACh (% of recovered) 


(105 %) 


Choline acetylase 
(% of recovered) 


Subfractions 
Sucrose concn. (M) 0°32 0-8 1:2 1-6 2:0 
Fig. 2. Histograms showing distribution of ACh (upper row) and choline acetylase (lower row) 
_ in subfractions of P2 obtained by centrifugation over sucrose layers of graded densities. 
Ordinates are percentage of total activity recovered from the combined subfractions. The 
figures in brackets show the total recoveries from the subfractions expressed as percentage of 
activities in unfractionated P 2. 


B of the 1-2 layer and C of the remaining layers. There is good agreement 
between the distributions of choline acetylase and ACh in the three subfrac- 
tions. Moreover, the activity in the combined subfractions represents full 
recovery of both enzyme and ester. 

In all other experiments in which P2 was refractionated the cutter was used 
to separate the subfractions. The results of two of these experiments, illus- 
trated in Fig. 3, show that the highest concentrations of ACh and of choline 
acetylase are in the particles separating out within the density range 0-8- 
1-2m sucrose. However, the agreement between the ester and enzyme distribu- 
tions is not so good as in previous experiments; further, whereas the enzyme is 

all recovered the recovery of the ester is only about 50%. This low ester 
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recovery is due to the fact that before being assayed the samples were dialysed 
for 12-15 hr against 0-32Mm sucrose in order to make them isotonic since in 
higher concentrations sucrose interfered somewhat with the assay of ACh. 
That the loss of ACh was due to dialysis was shown by control tests in which 
samples of unfractionated P2 were also dialysed for a similar period and lost 
approximately the same amount of ACh. 

In another experiment (Fig. 4) the fractionation procedure was modified. 
Three subfractions of P2, A, B and C, were first collected. Subfraction A 
contained all the 0-32Mm and half of the 0-8m sucrose layers; subfraction B 


100 


(50%) (52%) 


50 


of recovered) 


(120%) | (117%) 


(% of recovered) 


Choline acetylase 


subtractions |AP | E 


Sucrose concn. (M) 0-32 0-8 1:2 1°6 2:0. 


Fig. 3. Histograms showing distribution of ACh (upper row) and choline acetylase (lower row) 
in subfractions of P2 obtained by centrifugation over sucrose layers of graded densities. 
Ordinates are percentage of total activity recovered from the combined subfractions. The 
figures in brackets show the total recoveries from the subfractions expressed as percentage 
of activities in unfractioned P2. Assays for ACh were carried out on dialysed subfractions 
(see text). | 


the remainder of the 0-8m, all the 10m and half of the 1-2m layers; while 
fraction C contained the remainder of the 1-2m and the whole of the 1-6m 
layers, Part of each of these subfractions was used to determine its choline 
- acetylase activity; the remainder of each was made isotonic by the following 
procedure, The sample was first diluted with sufficient water to bring the 
concentration of sucrose to 0-32; it was then centrifuged, the precipitateand 
supernatant collected separately and the precipitate resuspended in the original 
volume of 0-32m sucrose. The resuspended samples were called Ap, Bp and 
Cp to distinguish them from the untreated subfractions and were used for the 
assay of ACh in Fig. 4. Some of Bp was then refractionated over a narrower 
range of sucrose densities, 1-6m sucrose being omitted, and four further 
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subfractions collected. These subfractions were made isotonic by the dilution 
procedure just described and the resuspended precipitates, called a, 6, c and d, 
were assayed for both ACh and choline acetylase activity. 

As shown by the histograms under (2) in Fig. 4, subfraction B contained 
most of the ester and enzyme activity. However, as in the two previous ex- 
periments, there was incomplete recovery (45%) of ACh and this was again 
due to the treatment to make the subfractions isotonic, since in a control 
experiment it was found that with similar treatment a sample of unfraction- 
ated P2 also lost about 50°% of its ACh. While as shown in the figure there was 


full recovery of choline acetylase in the subfractions A, B and C, additional 


(84%) (114%) 
23 50 

Lo 


(98 %) (100%) 


50 


Choline acetylase 


(% of total recovery) 


PL P2 
+ 


_ Sucrose concn. (M) 1:0 1:2 

Fig. 4. Histograms showing distribution of ACh (upper row) and choline acetylase (lower row). 

Ordinates are percentage of total activity recovered from the combined subfractions. The 

figures in brackets show the total recoveries from the subfractions expressed as percentage 
of activities in homogenate (1), in subfractions of P2 (2) and in subfractions of Bp (3). 


measurements of choline acetylase made on samples of Ap, Bp and Cp showed 
_ that in addition to the loss of ACh they had also lost about 50% of the enzyme. 
That is, these samples were only about half as active as the untreated samples. 
However, in the case of Bp it was found that the loss was fully accounted for 
by enzyme present in the supernatant obtained from its preparation. It is 
probable, therefore, that the loss of ester and enzyme from the treated sub- 
fractions was due to diffusion into the suspending medium occurring as the 
result of dilution and centrifugation, or to incomplete sedimentation during 
the centrifugation. 


The results of the refractionation of Bp are shown in the histograms under 


(3) in Fig. 4. The particles containing the ester and enzyme are again spread 
over the 0:8-1-2m layers. Relatively few particles are as heavy as 1-2 sucrose, 
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but this layer contains a significant proportion of the total activity recovered ; 
it appears that at least 80% of the particles carrying ACh and choline acetylase 
have a density equivalent varying from 0-8 to 1-2m sucrose and that their 
average density is nearer to the lower of these values. 

It may also be seen that the recovery of the ester and enzyme in the four 
subfractions, a, 6, c, and d was complete. Since these had been treated in the 
same manner as Bp to make them isotonic, it appears that of the activity — 
originally present in the particulate about half was due to ester and enzyme 
which was more firmly attached and less labile than the remaining half, which 
was lost from the particulate during the preparation of Bp from subfraction B. 


Fig. 5. Diagram showing distribution of pigmented material in P2 obtained from rabbit brain 
after centrifugation over layers of sucrose of graded densities. Sucrose concentrations of the 
layers shown on the left; the arrows on the right indicate levels at which the tubes were cut; 
the letters A—Z designate the subfractions so collected, Their choline acetylase and succinic 
dehydrogenase activities are given in Table 1. 


Refractionation over sucrose effected some degree of separation of pig- 
mented from non-pigmented material in the mitochondrial fraction. The 
appearance of the layered tubes after centrifuging is shown diagrammatically 
for a typical experiment in Fig. 5. In this experiment the tubes were cut so as to 
get all the strongly pigmented material which was in the 1-2m sucrose layer 
into one subfraction, D; and so that all the subfractions corresponded as 
nearly as possible to the original sucrose layers, In all five subfractions not 
only choline acetylase was estimated but also succinic dehydrogenase, which 
is known to be a mitochondrial enzyme. The results are given in Table 1. 

While choline acetylase was almost exclusively associated with the lighter 
and non-pigmented layers, the highest concentration of succinic dehydro- 
genase was in the fraction which contained most of the pigmented material. 
Presumably then the bulk of the mitochondria was in this fraction; and the 
inference could be drawn that choline acetylase was associated with some par- 
ticles other than the mitochondria. | 
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Bound and free states of ACh and choline acetylase 


In Fig. 6, constructed from the averaged results of three experiments on 
rabbit brain, the distribution is shown of free and bound ACh in the homo- 
genate and its fractions. There is some free ACh in the homogenate which is 
wholly accounted for by the free ACh in the supernatant; this fraction also 


Taste 1. Choline acetylase and succinic dehydrogenase activity of separate subfractions A-E 
expressed as percentage of total recovered activity. Values refer to experiment illustrated in 
Fig 5. : 


Choline Succinic 
acetylase dehydrogenase 
Fraction . activity(%) activity (%) 
A 12 1 
B 33 2 
C 48 21 
D 6 75 
E 1 


Percentage of recovered activity 


0 
Homogenate P14 P2 P3 S 


. Fig. 6. Distribution of free J), and bound ™@ ACh in the homogenate and fractions 
prepared from rabbit brain. Averaged values of three experiments. 


contained some bound ACh, but it is not certain that the amount found is 
significant. If it were, it would indicate that ACh ‘binding’ cannot be ex- 
plained simply in terms of a vesicular hypothesis, as for example its sequestra- 
tion within the tissue organelles. | 

As was to be expected no free ACh was found in the fractions P1-P3. The 
bound ACh associated with them was inactive until released by experimental 
treatments which included acidification with HCl or trichloroacetic acid, 
shaking with ether, or freezing and thawing. 

We have also to distinguish between the bound and free states of choline 
 acetylase. In agreement with earlier work (Hebb & Smallman, 1956; Gardiner, 
1957) we found that the choline acetylase of the supernatant was active on 
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incubation without further treatment, but most of the enzyme in the particu- 
late was inactive unless first treated with ether. There is thus some parallel 
with the difference in the state of free and bound ester. Moreover, it was found 
that treatments which activated or freed the enzyme had an analogous effect 
on the release of bound ACh. Thus ether treatment, which was 100% effective 
in activating the enzyme, also released all the ACh. On the other hand, freezing 
and thawing, a procedure which is known to disrupt mitochondria, produced 
only a partial release of enzyme and similarly only a partial release of ACh. 
For instance, in one experiment freezing and thawing 20 times caused a 
50% activation of the enzyme in P2 and the release of 51% ACh. Repeating 
the freezing and thawing more often had little more effect. This degree of 
activation corresponds to the loss which occurred in the amount of enzyme and 
ester when dialysing P2 or its subfractions, and is probably also due to liber- 
ation of a more labile fraction of ACh and choline acetylase. A discussion of 
the state of the bound ACh is given elsewhere (Whittaker, 1958). 


DISCUSSION 


The evidence we have cited here all tends to support the conclusion that ACh 
and choline acetylase reside in the same subcellular particle of nervous tissue. 
A similar conclusion was reached by Bellamy (personal communication) who 
found both the ACh and the choline acetylase, in the mitochrondrial fraction 
obtained from rat brain homogenates by differential centrifugation. Our 
evidence is cumulative and circumstantial. There is the close correlation 
between the intracellular distribution of choline acetylase and ACh which 
_ extends to the refractionated mitochondrial preparations; and there is the 
additional evidence that release of enzyme and ester from the particulate to 
the suspending medium occurs in the same proportions with such different 
treatments as freezing and thawing, dilution, and mixing with ether. 

The finding that about 50% of the particulate ACh and choline acetylase 
is released not only with the relatively mild procedures necessary to change 
the suspending medium from hypertonic to isotonic sucrose, but with the more 
drastic procedure of freezing and thawing as well, can plausibly be inter- 
preted to mean that some of the constituent particles are more fragile than 
others, perhaps because they represent an ageing part of the total population. 
Another interpretation is that within the particle both enzyme and ester are 
partly free and partly bound to some part of its structure. Disruption of the 
particle then would lead to the discharge of only a portion of the active materi- 
als; the rest would remain attached until the structure was further decom- 
posed, Whichever of these interpretations proves to be right the evidence is 
consistent with the view that ACh and the enzyme are held within the same 
_ subcellular particles; and that the ACh is ‘bound’ and the enzyme inactive 
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because of a membrane barrier preventing exchange of substrates and reac- 
tion product between the inside of the particle and the surrounding fluid. 

It appears that the particles which contain ACh and its synthesizing enzyme 
are different from mitochondria. We have found that the particulate con- 
taining the highest concentration of succinic dehydrogenase, and presumably 
therefore most of the mitochondria, can be separated from the particulate 
containing most of the choline acetylase. Similar results have since been 
obtained by one of us (V.P.W.) for the distribution of ACh and succinic 
dehydrogenase. Although the particles which contain ACh and choline acety- 
lase do not seem to be mitochondria their true nature has yet to be established. 
To accomplish that it will clearly be necessary to separate them more com- 
pletely from the other particles which make up the so-called mitochondrial 
fraction. 

SUMMARY 


1. Experiments on fractionated homogenates of brain tissue have shown 
that the intracellular distribution of acetylcholine is similar to that of choline 
acetylase. 

2. The evidence indicates that both enzyme and ester reside in the same 
subcellular particle which, though found in the same fraction as the mito- 


_ chondria, is thought to be another type of organelle. 


We wish to acknowledge valuable technical assistance given by Miss Jean Gilson and Miss 
Miriam Leonard. 3 
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Electron microscopy of myoneural junctions of the frog. By 
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An electro-mechanical analogue of the muscle spindle control 
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A method of heart beat detection, recording and telemetering 
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A knitted wire fabric for measuring mean skin temperature or for 
body heating.* By H. 8. Wotrr. Division of Human Physiology, 
National Institute for Medical Research, London, N.W.3 


By using very flexible insulated wire instead of thread it has been possible to 
knit complete garments, such as pants and vests, which are electrically 
continuous. Such a garment can be employed for measuring mean skin 
temperature by using it as a resistance thermometer. With careful knitting 
the number of stitches per unit area, and hence the length of wire per unit area, 
will be constant so that good integration is obtained. 

Copper has a resistance temperature coefficient of 0-4°%/° C; a typical set 
of ‘wire underwear’ (vest and pants) has a resistance of 1809. A simple 
resistance bridge or recorder will therefore give a resolution of a fraction of 

The method was developed to enable continuous integrated skin ‘iciplailens 
measurements to be made on working human subjects on an Antarctic expedi- 
tion. In such a situation the conventional method of attaching a number of 
thermocouples to selected sites and weighting the individual measurements 


*, arithmetically to obtain mean temperature would be very difficult to apply. 


* British Patent Application 29652/57. 
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The wire which has been used is 0-039 in. (1 mm) in diameter and contains 60 _ 
strands of 0-0016 in. silver-plated copper wire. It is insulated with a coating of 


polyvinylchloride containing a non-migratory plasticizer. It does not give 
rise to any skin reaction even after prolonged wearing. The fabric is very 
flexible and does not limit movement or produce discomfort. 

A disadvantage of the method is that the wire garment acts as an extra 
layer of clothing with a temperature gradient across it. The temperature 


reading obtained will therefore always be slightly lower than true skin — 


temperature. When many other layers of clothing are worn, however, this 
effect is not serious. Future garments will be made from thinner wire which 
should reduce this limitation. In addition to the underwear, gloves, socks and 
helmet have been used to obtain complete skin coverage. | 


By passing an electric current through these garments they can be used as 


a means of heating the body. Because the heating element is close to the skin 
the efficiency is high, and because of the large area covered the heat input 
per unit area can be kept low. 

A set of underwear, gloves and socks will be demonstrated. 


A micro-reaction calorimeter. By J. H. Asasy, 8. P. Darra and 
J.J. Martin. Department of Biochemistry, University College London 


The effect of cortical stimulation on transmission through the 

cuneate nucleus in the anaesthetized rat. By G. D. Dawson, 

- Department of Physiology, University College London* 

When an electrical stimulus is applied to the forepaw of an anaesthetized rat 
two potentials may be picked up on the dorsal surface of the medulla near the 
cuneate nucleus. The first is relatively resistant to asphyxia and appears 
positive with respect to a remote electrode; it has a duration of 1-2 msec. 
The second wave is rapidly abolished by asphyxia and appears surface nega- 
tive with a duration of 2-3 msec. Other slower waves follow these two. When 
the medullary electrode, a glass pipette with an external diameter of 5-10 p, 
is pushed into the medulla from the dorsal surface, the negative wave in- 
creases in size to a depth of about 0-1 mm. Ata depth of 0-5-0-8 mm the nega- 
tive wave is small or absent and is replaced by many short spikes; at greater 
depths a positive wave appears with the same timing as the negative wave 
at the surface. The first, surface positive, wave is taken to represent the arrival 
of the afferent volley in the posterior columns and the second, surface negative, 


~ * On leave from the M.R.C. Neurological Research Unit, The National Hospital, Queen Square, 
London, W.C.1. 
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wave the discharge of post-synaptic elements in the cuneate nucleus. Simul- 
taneous records from the primary somatic sensory receiving area in the cortex 
and from the medulla show that the surface positive wave in the cortex 
associated with the arrival of the afferent volley there does not eg until 
the second wave in the medulla is practically finished. 

It has been found that a single electrical stimulus to the primary receiving 
area in the cortex reduces the size of the post-synaptic potential in the cuneate 
nucleus. The effect of the single stimulus lasts for some 5-10 msec; when the 
.nedullary response is placed 5 msec after the cortical stimulus it may be 
reduced by as much as 50%. These effects occur when the anaesthesia (tri- 
chlorethylene) is sufficiently deep to abolish any withdrawal from a damaging 
pinch applied to a hind foot. At this level of anaesthesia the animal will jerk 
after jars or sudden noises. With lighter anaesthesia the post-synaptic po- 
tential in the medulla appears to become smaller without preceding cortical 
stimulation. 

The effects described, which will be the subject of the demonstration, are 
evidently like those reported in the cuneate nucleus in unanaesthetized and 
curarized cats by Scherrer & Herndndez-Pedn (1955) and in the spinothalamic 
pathways by Hagbarth & Kerr (1954), Amassian (1950) has demonstrated a 
reduction of transmission through the thalamus after cortical stimulation 
under Dial anaesthesia, but reported that under the conditions of his experi- 
ment transmission through the posterior column nuclei was probably un- 
affected. Previously it has been thought that the control of transmission 
through the first sensory synapse by activity in corticifugal fibres was lost 
very early in anaesthesia. Apparently this is not so under trichlorethylene 
anaesthesia; there may be a relative reduction, but it is not complete. 


REFERENCES 
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A digital delay and time-scale generator. By J. R. Prrmay. 
M.R.C. Neurological Research Unit, The National Hospital, Queen Square, 
London, W.C. 1 | 


The unit to be demonstrated provides a ‘ruler’ type time scale for which 

intervals from 0-1 msec to 1 sec can be selected. To this time scale are locked 

(1) a master pulse to control the period between sets of stimuli, which gives 

a cycle time between 1 msec and 10sec, and (2) six triggers which can be 

set to fire at any msec within the total cycle. One or two of these triggers 
a2 
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are used to start sweeps, two are used for single, stimuli and the remaining 
two to start and stop a train of stimuli or a calibration pulse. 

The timing pulses are derived from a 100 ke/s quartz crystal which is 
followed by a hard valve circuit and a Dekatron, each dividing by 10. The 
resulting 1 kc/s output from these dividers is fed to a chain of four Dekatron 
counters. To the cathodes of these four Dekatrons are connected in parallel 
seven sets of decade switches. Experience suggests that up to at least ten 
switches could be connected in this way to each Dekatron. The wipers of all 
four decade switches of one set are connected to a coincidence circuit. This 
circuit is arranged to give an output pulse when the glow in all four Dekatrons 


100 
msec Cycle period Trigger 1 
0msec 
Dekatron 
luuluu [> 10 
ime scale 
mixer Snsec | 
msec 
Dekatron 
ke/s 
1 msec) | 
100 ke/s Reset 
crystal ' +10 +10 oincidence 
oscillator circuit 


100 ke/s - 10 ke/s 


Me- 1. The diagram shows the arrangement of the crystal oscillator, initial dividers and two of 
the four Dekatrons. Two decades and two sets of switches only are shown. 


rests on the cathodes to which the oe are switched. The first coincidence 
pulse is fed back to return the four Dekatrons to zero in the interval before 
the next 1 msec pulse arrives. When the next 1 msec pulse occurs the four 
Dekatrons therefore begin to count again from zero. This first set of switches 
therefore controls the total cycle time; for example, if the switches are set 
to cathodes 5, 5, 0 and 0 of the seconds, tenths, hundredths and thousandths 
Dekatrons the total cycle of events will repeat every 5-500 sec. Similar 
coincidence circuits are connected to the other sets of decade switches and 
produce trigger pulses accurately related to the time scale at points in the 
cycle determined by the settings of the decade switches. 

The unit to be shown also contains circuits for generating two sweep 
voltages, independently variable in duration and amplitude, and a circuit for 
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generating a 1 ko/s input voltage for the counters which is accurately locked 
to the 50 ke/s mains. This is used sometimes when, to avoid interference, it is 
necessary to lock the time scale, repetition cycle, stimuli and sweeps to the 
50 c/s mains, or to make them drift systematically. Besides giving greater 
certainty in operation the unit to be demonstrated represents a saving in space 
of about two-thirds and a considerable economy in power over apparatus 


previously used for the same purpose. It operates from power supplies 
common to itself and other recording apparatus. 


Splenectomy and anaphylactic shock. By R. K. Sanyat and 
G. B. West. Department of Pharmacology, School of Pharmacy, Uni- 
versity of London 

The spleen is claimed to be one of the sites of antibody formation (Fitch, 

Barker, Soules & Wissler, 1953; Stevens & Riley, 1956; Taliaferro, 1956). 

Since it may also produce various substances which control the activity of 

proteolytic enzymes involved in anaphylaxis (Ungar, 1953), its removal may 

considerably modify the production of anaphylactic shock. Experiments were 
therefore performed to study the role of the spleen in anaphylaxis. 
Guinea-pigs were sensitized with a single intraperitoneal injection of horse 
serum and used 3-4 weeks later. Splenectomy, performed a short time before 
challenge with horse serum intravenously, markedly reduces the severity of 
the anaphylactic shock under ether anaesthesia. The maximal protective action 
occurs 24 hr after operation but protection is lost if the challenge is not made ~ 
until the third post-operative day. Under urethane anaesthesia, however, 
some protection is demonstrable on the third post-operative day. A similar 
protective action of splenectomy has also been obtained using animals 
sensitized by horse serum 10 weeks earlier. When protection occurs, the symp- 
toms of shock and morbid changes in the lungs are absent; there is no fall in 
blood pressure, no alteration in appearance of the pleural mast cells and no 
reduction in the histamine content of the lung. The Dale-Schultz reaction of 
the isolated uterus is likewise absent. Some of the changes will be shown in 
the Demonstration. 
Removal of the spleen in guinea-pigs does not affect the development of 
passive sensitization, nor does it alter the recovery of active sensitization if 
the animal survives the first challenge. Guinea-pig complement only slightly 
aggravates the anaphylactic shock produced in splenectomized animals which 


have been passively sensitized. The toxicity of histamine is unaltered by — 


splenectomy though the pre-convulsion time in an aerosol of 5-hydroxy- 
tryptamine is increased twofold. No single factor has yet been found to 
account for the protective action of splenectomy. The spleen may maintain 
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a delicate balance between the blood and tissue antibodies, producing just 
enough to replace tissue loss and to keep the animal in a permanent sensitized 
state. Removal of the spleen will upset the balance, the tissues giving up their 
antibodies to the blood, so rendering the animal temporarily immune. Non- 
splenic sources, however, may rapidly take over the function of the spleen, 
producing more antibodies which return to the tissues and make the animal 
again anaphylactically sensitive. 


In rats sensitized with either fresh egg white or horse serum and H cuenhophstus 7 


pertussis vaccine and challenged 12-14 days later (Sanyal & West, 1957), 
splenectomy does not protect the animals from anaphylactic shock. It is not 
certain why there is a marked difference between the rat and the guinea-pig. 
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Some reflexes mediated by the afferent abdominal vagus in the 
‘rabbit and the cat. By B. G, Crace and D. H. L. Evans. Department 
of Anatomy, University College London 


The fibres of the abdominal vagus are mainly afferent (over 90%) and in the 
rabbit and cat number some 25,000-30,000 unmyelinated fibres. Electrical 
stimulation of the central cut end of the abdominal vagus has been found to 
produce a rise in blood pressure due to peripheral vasoconstriction (both 
visceral and somatic) without change of heart rate. This has been a consistent 
finding in some fifty rabbits and ten cats. The blood pressure rises about 
30 mm Hg in the rabbit and has been kept up by continued stimulation for as 
long as 10 min. Other responses produced by this form of stimulation include 
a relaxation of the stomach which persists after cutting both abdominal vagi, 
an increase in the amplitude of respiration without a change of rate, and an 
inhibition of the knee jerk. 

A smaller pressor response and a gastric slasition, both mediated be the 
afferent vagus, can be elicited by distension of the oesophagus, cardia, stomach 
or pylorus, but not of the duodenum or biliary tract. No consistent change of 
blood pressure has been found to follow the instillation into the stomach or 
duodenum of acids and alkalis, although a gastric relaxation mediated by the 
afferent vagus does occur. 

The function of the pressor reflex is unknown. It is conceivable that it 
protects the circulation against some unidentified depression of blood pressure, 
though we have not been able to elicit the reflex by interference with the 
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splanchnic circulation. Alternatively, it is possible that the vasoconstriction 
reduces the absorption of toxins from the gastro-intestinal tract during 
nausea. 


A perfused carotid body preparation: reflex changes of heart rate. 
By M. pz Buren Daty and Mary J. Scorr. Department of Physiology, 
Unwwersity College London 


Cholinesterase in the superior cervical ganglion of the rat after 
preganglionic denervation and axotomy. By Lucy M. Brown. 
Department of Physvology, University College London 


McLennan (1954) has shown manometrically that the amount of cholin- 
esterase in the superior cervical ganglion of the rat is greatly reduced after 
section of the post-ganglionic fibres (axotomy). A modification of Koelle’s 
histochemical method (Koelle, 1950) has been used to compare true cholin- 
esterase (AcChE) in the axotomized ganglion with the normal, and with one 
in which the preganglionic fibres have degenerated. 

Operations were carried out on one side, the other serving as the normal 
control; 12-15 days were allowed for preganglionic degeneration and 14-28 
days after axotomy. The ganglia were mounted in a piece of kidney and fresh 
frozen sections were cut at 20. The slides were treated with 10-’m disso- 
propylfluorophosphonate (DFP) for 30 min and incubated with acetylthio- 


_ choline in copper sulphate, glycine and acetate buffer at pH 5 for 5-45 min. 


The crystalline reaction product, copper thiocholine sulphate, was visualized 
by phase contrast. Controls with butyrylthiocholine after DFP were blank 
after 45 min incubation, but showed some activity after 2 hr, so incubation 
times were not extended beyond 45 min, and only sites of relatively high 
activity have been demonstrated. 

Normal ganglia. Best results were obtained after 15 min incubation. Most 
of the cell bodies of the ganglionic neurones showed some AcChE activity and 
in about half of them the activity was considerable. The cytoplasm was filled 
with crystals, but the nuclei were clear. Numerous crystals were seen in the 
tissue between the cell bodies, but there was no ebvious morphological 
pattern. Some activity could be seen after only 5 min incubation, chiefly in 
the cell bodies. After longer incubation the activity in the cell bodies was 
obscured by the crystals in the surrounding tissue. 

Preganglionic denervation. After 15 min incubation only the cell bodies 
showed AcChE activity. The disappearance of crystals from the surrounding 
tissue suggests that the enzyme is associated with the preganglionic fibres 
(Koelle, 1951, 1955). 
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Axotomy. AcChE activity was greatly reduced both in the cell bodies and 
in the surrounding tissue. After 30-45 min incubation a few crystals could be 
seen in some cell bodies. Occasional cells showed more activity, but it is 
probable that their axons had escaped section. These results support the sug- 
gestion (Sawyer & Hollinshead, 1945) that axotomy may affect the AcChE, 
not only in the cell bodies, but in the preganglionic fibres as well. 
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A simple intensity modulator for electrophysiology. By M. H. 


Evans. From the National Institute for Medical Research, Mill Hill, 
London, N.W. 7 


When action potentials are recorded photographically from a cathode-ray 
oscilloscope the rising and falling slopes of the action potential appear fainter 
than the base line, because of the more rapid travel of the oscilloscope spot 
along the Y axis than along the X axis. When recording spikes on a slowly 
moving film or time base the writing speeds in the X and Y axes may differ 
by more than 1:10,000 and no photographic emulsion can register such 
extremes of contrast satisfactorily. The photographic records can be improved 
if the spot brightness is made adequate for the base line, and transiently 
increased during the rapid rise and fall of the action potential. Circuits have 
been developed to do this by applying brightening pulses to the grid of the 


%.R.0., either directly or through intermediate circuits from a ‘Z axis’ or 


‘intensity modulation’ terminal on the oscilloscope. These devices are 


relatively elaborate, requiring supplementary power supplies, and conse- 


quently have not been widely adopted. 


The circuit shown in Fig. 1 is simpler than those published by Bonferroni & 


Mollica (1954) and Kemp (1955), and the power requirements are modest 


enough for the valves to be supplied from the oscilloscope’s own power unit. _ 


The Y axis deflecting voltages from the balanced amplifiers are differenti- 
ated by CR, and C,R,, the time constants being suitable for signals whose 
durations are of the same order as action potentials. Longer time constants 


could be used for slower signals. The derivatives, which are of opposite sign, are 
fed to the grids of V1. This is a high-» double triode held at cut-off by the large 


resistance R, common to both cathodes. The derivatives are therefore rectified 
and mixed to produce, at the cathode, positive pulses corresponding to the 
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rising and falling slopes of the action potential, and with amplitudes pro- 
portional to the speed of deflexion. A suitable proportion of these pulses is 
taken from the potentiometer R, and fed to V2, which is operated as a phase- 
splitting amplifier in a circuit adapted from the Mullard handbook. In this 
way amplified pulses of both positive and negative potential are available for 
spot brightening. 


H.T. + 
—o 250-350 V 
7-3 
y Y 100 K 100 K 
9 ° 
, > 
0-1 uF 
7 4 +Pulses 
50 pF 50 
| 680 
100K 
Rs 
R, | 
v1 ECC 83 £CC83 
Fig. 1 


The circuit has been used successfully in conjunction with a Nagard DT 103 
oscilloscope, with negative pulses fed to the ‘modulate brightness’ terminal 
of the oscilloscope to increase the brightness of the spot. | 
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Experimentally induced variations in the contact relationships of 
axon and Schwann cell membranes compared with similar 
variations occurring during growth. By J. D. Roserrson. 
Department of Anatomy, University College London 7 

Sciatic nerve fibres have been altered experimentally by immersing them in 

hypertonic (2-10 normal (x)) and hypotonic (n/2 or less) Ringer’s solution before 

fixation with isotonic KMnO, (Robertson, 1957c). In further experiments the 


4 
‘fa 
of 
‘= 
¢ 
ag 
b 
4 
¥ 
J 
4. 
Z 
i 
x 


10P PROCEEDINGS OF THE PHYSIOLOGICAL 
solutions were made hypertonic (10N) by dissolving sucrose in normal Ringer’s 
solution. Controls were run with normal Ringer’s solution. 

Both myelinated and unmyelinated fibres show distinct alterations after these 
procedures as compared with controls. The myelin period measuring ~ 120A 


Adult myelinated nerve fibre 
Normal After H,O 


Fig. 1. 2=mesaxon (inner); 3 =axon-Schwann membrane. 


Schwann cytoplasm 


___ Schwann cytoplasm 


membrane 
b 
Fig. 2. Developing myelinated nerve fibre. m., mesaxon; myl., myelin. 


in controls measures ~ 200A after soaking in hypotonic solutions or distilled 
water. This increase is due to a separation of the myelin layers at the intra-. 
period lines as shown in Fig. 1. The unit membranes remain in contact at 
the major dense lines making a membrane ~ 150A wide (7, Fig. 1). Mesaxon 
gaps are widened but contact of their unit membranes is often retained at their 
outer ends (Fig. 1). The double membranes of adult peripheral nerve fibres — 
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generally consist of two ~75A units separated by a gap ~150A wide 
(Robertson, 19574, 6). Each ~75A unit consists of two dense lines ~20A 
wide separated by a light zone ~ 35 A wide. The ~ 150A gap is continuous with 
extracellular substance and contains an amorphous extracellular material. 
The above findings suggest that the Schwann cell unit membrane in myelin is 
chemically asymmetric since outside surfaces in contact separate while inside 
surfaces do not. 

Unmyelinated fibres do not show appreciable alterations in the controls. 
Those treated with hypotonic solutions show a distinct increase in the width 
of their double membrane gaps. After treatment with hypertonic Ringer’s 
solution (2N or more) or hypertoni¢ sucrose-Ringer solution (10N or more) 
the double membrane gaps are strikingly reduced in width. In some areas | 


the gaps are reduced to ~15A or less. This behaviour of the gap substance 


suggests that it may be a highly hydrated gel. 

Developing mouse sciatic nerve fibres (2-7 days) reveal variations in the 
double membrane gaps of both myelinated and unmyelinated fibres which are 
comparable to those seen in adult unmyelinated fibres after treatment with 
hypertonic solutions. In these fibres progressive stages in the evolution of the 
spiral myelin structure are found (Fig. 2a-c) and from very early stages 
onward the mesaxon gaps are largely closed (Fig. 26). The unit membranes 
are often adherent at the outer end of the mesaxon even when the gap is 
open nearby (Fig. 26), Axon-Schwann membrane gaps are similarly but less 
consistently affected. 

In 2- to3-day-old mice the double membrane gaps of developing unmyelinated 
fibres are closed in many places. By the sixteenth day they are generally open 
and in the adult measure ~150A. This contact of the unit membranes of 
developing fibres may facilitate some intercellular interaction necessary for — 
growth. The contact may be the result of some cellular environmental ionic 
condition like that bringing about a similar state in adult fibres. 
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An alveolar air sampling device. By J. K. Parmer. Department of 
Physiology, University College London 

This unit permits a sample of alveolar air to be withdrawn from the trachea 

(or face mask) at any point and for any desired period during the expiratory 


- pause. It is based on, and is a development of, the circuit of Hesser (1949). 
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It is triggered by electrical contacts on a modified Marey tambour which is 
connected to the side arm of a tracheal cannula (or face mask). As the phasing 
is based on a velocity wave (pneumotachygram) the sampling is independent 
of the depth and rate of respiration, and providing the electrical contacts are 
kept clean and/or are enclosed, sampling can only occur during the post- 


/ 


Fig. 1. Top trace, Pneumotachygram; middie trace, ‘mechanical sampling time’; lower trace 
‘electrical sampling time’ with delay. Arrows indicate coincidence points in tracings. 


b e Trigger circuit 
c 
Variable Variable 
delay duration 
g Sensitivity lect. M e ch 
clamp 
Sampling 
sidearm of 
tracheal cannula Sampling tube ‘switch 
face mask we 
Rubber To 
band sampling relay 


Fig. 2. Block diagram of apparatus. 
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‘expiratory pause. The initial adjustment of the contacts is simple and, once 
set, requires only very occasional readjustment as the tambour diaphragm 
ages. The sampling valve is an ordinary G.P.0. type relay which compresses 
the rubber sampling tube to which continuous suction is applied; sampling 
occurs with closure of the relay. 

An example of the device in operation with a human subject is shown in 
Fig. 1. Here the tambour was connected to the side arm of a mouthpiece. The 
top record shows a pneumotachygram obtained from a second Marey tambour 
with a writing pointer, connected in parallel with the modified tambour. 

The middle trace shows the ‘mechanical sampling time’ which is equal in 
length to the expiratory pause. The lower trace shows the ‘electrical sampling 
time’ which is controllable and also adjustably delayed from the start of 
mechanical sampling. Should the duration of the electrical delay and sampling 
exceed the mechanical sampling time, then the cessation of the latter by the 
onset of inspiration will override any electrical setting and so terminate the 
sampling. This is shown in the third breath of Fig. 1, where there is a very 
short expiratory pause. 

Sampling takes place only when tambour contacts a and 6 are touching, » 
and this occurs when the tambour is at rest during the expiratory pause. 
With the onset of inspiration, contacts a and b touch contact c and sampling 
ceases. Sampling cannot take place at the end of inspiration as for this to occur 
contacts a and b must have been apart after touching contact c. 

The mechanical sampling time is due to the tambour contacts operating a 
trigger circuit. An additional circuit may be switched on which can delay and 
also control the duration of sampling. It will also prevent incorrect sampling 
if the tambour contacts become defective. The delay is useful when the respira- 
tion is very shallow, as otherwise critical adjustment of the tambour contacts 
would then be necessary ; a short delay will ensure that sampling occurs in the 
expiratory pause with normal adjustment of the contacts. Control of the 
duration of sampling is valuable if the expiratory pause is very long, when back 
diffusion of atmospheric air into the sampler might otherwise occur. 

The apparatus is suitable for open or closed circuit systems; the only control 
_is.@ screw clamp to the Marey tambour which is set to ohtain a reasonable 
movement of the — with respiration. 
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Automatic single frame attachment for use with a Cossor (or 
similar) oscillograph camera motor. By J. F.Patmer. Department 
of Physiology, University College London 

This device consists of an electronic control unit, triggered by an electrical 

pulse, and an electromagnetic clutch attached to the case of the camera 

motor. The triggering pulse may be positive or negative (e.g. synchronizing or 
time base fly-back pulse), and can be produced by. the opening or closure of 
external contacts (e.g. closure of camera shutter contacts). 
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Fig. 1. Electronic control unit, Valves: three 12 AU 7 and one EB 91 
(not germanium diodes). Condenser valves in pF. 


The camera control unit (Fig. 1) consists of a delay and a duration circuit. 
Delay is used if the clutch has to operate at a given interval after the triggering 
pulse (e.g. if the time base is triggered by this pulse). The duration circuit 
controls the amount of film that is turned on (i.e. normally one frame). 


Remote control is possible with a push-button switch at the end of a lead 


_ plugged into jack socket J,. Ifa pair of switches is used and the second switch 
connected via J, and J, to the beam suppressor terminal of the oscilloscope, 
pressing one switch will turn on normal frames, while blank frames can be 
turned on by pressing both switches. The sensitivity of the control unit to its 
triggering pulse is controlled by VR1, while delay and duration are controlled 
by VR2 and VR3 respectively. The pre-set controls VR 4 and VR5 are advanced 
approximately 20% beyond the point at which self-oscillation occurs. 

The clutch mechanism operates an extension bar, which is attached to a 
lever (second one from the top) (see Fig. 2) engaging an idler wheel on the 
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5-0 (also 0-5 and 0-05) in./sec range of the camera motor. Thus on the faster 
ranges of the time base two frames a second may easily be turned on. The 
electromagnet is 230 V a.c. solenoid operated from 110 V via relay contacts 
and a step down transformer in the control unit. Normal operation of the 
motor is possible on all ranges if the external spring (Fig. 2) is unhooked. 


«= 


ar 


Fig. 2. Diagram of clutch attachment. 


The replacement of the existing camera pulley wheels by standard aluminium 
pulley wheels of 14 in. (driving wheel) and 1} in. (32 mm) diameter ensures 
that the film in the take-up cassette is always under tension and avoids the 
occasional jamming of film that occurs, particularly when the clutch is engaged 
at the faster speeds with an almost empty take-up cassette. Modification of the 
clutch mechanism should enable this unit to be used with any oscillograph 
camera or other solenoid-operable device. © 


The retrotentorial part of the cat’s brain stem in oblique 
stereotaxic co-ordinates. By J. E. Desmept and L. FRANKEN. 
Laboratoire de Pathologie générale, University of Brussels, Belgium 

Stereotaxic exploration or destruction of a given structure in the brain requires 

the knowledge of its average co-ordinates with respect to the reference planes 

introduced by Horsley & Clarke (1908). Published series of coronal sections 
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in the vertical plane (Jimenez-Castellanos, 1949; Jasper & Marsan, 1954) 
provide this kind of information for the diencephalon and telencephalon. 
However, there is no atlas available for the mesencephalon and -pons, which 
anyway cannot be explored satisfactorily with a vertical needle-electrode 
because they are largely situated below the ossified tentorium cerebelli 
(Fig. 1). This prompted the investigation of stereotaxic co-ordinates of retro- 
tentorial brain stem in planes making 45° with the horizontal reference plane 
(E). A needle-electrode oriented in such a plane is easily introduced behind 
the tentorium which has a comparable obliquity. Moreover, the 45° plane is 
nearly perpendicular to the axis of the retrotentorial brain stem *, a desir- 
able feature in histological studies. 


Fig. 1. Lateral view of a cat’s skull. A, auditory meatus. B, ossified tentorium cerebelli; its 
anterior and posterior contours are sketched by the interrupted line. C, zero horizontal plane 
as defined by the centre of the auditory meatus and by the lower margin of the orbit. D, zero 
vertical plane. H, zero 45° oblique plane passing through centre of auditory meatus. F, ap- 

proximate axis of retrotentorial brain stem. 


In the preparation of the present atlas, series of traces were made in the 
brain stem of nembutalized cats by inserting a 45° oblique steel needle at known 
distances along the horizontal axis. For each insertion a mark was deposited 
_ (method of Hess, 1932) at known depth ‘as calculated in mm above the zero 
horizontal axis in the 45° plane along which the electrode moves. The brain was 
fixed in formalin. Complete series of frozen sections were prepared and 
stained alternatively with the Nissl and Spielmeyer methods. The traces of 
the needle were identified and used to establish the co-ordinates a any brain 
stem structure to be explored. 
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An improved method of preparing the Mytilus anterior byssal 
retractor muscle that avoids injuring the fibres. By B. R. 
JEWELL. The Marine Biological Laboratory, Plymouth 


A portable apparatus for spirometry and for measuring timed 


vital capacity and diffusing capacity of the human lung. By 


M. L. THomson. Department of Applied Physiology, London School of 
Hygiene and Tropical Medicine, London, W.C.1 | 


This apparatus has been developed from an earlier model (Carey, Phair, 
Shephard & Thomson, 1957), which was designed for use in the field to 
measure fractional carbon monoxide uptake and functional residual capacity. 

The principal modifications in the present model (Fig. 1) are a larger bellows 
(capacity 5-2 1.) and a counterpoise with a recording attachment. 

When the bellows is pressed down fully its plastic arm engages the switch 
SW energizing the timer. The timed vital capacity (7.V.C.) may now be 
obtained by blowing into the box through the low resistance tube 7’ after 
opening tap V3 and setting taps V1 and V2 to neutral or closed position. 
Ascent of the ‘bellows triggers the solenoid E which holds the friction-loaded 
bobbin BC for 1 sec, after which it is carried up with the bellows. The 7.V.C. 
and vital capacity are read on the inverted scale SC2. 

The large bellows permits recording of spirograms and axpieatory flow rate 
graphs, 

Diffusing capacity may be measured by single breath method (Ogilvie, 
Forster, Blakemore & Morton, 1957). Bag B1 is charged with 7-81. of gas 
mixture (N,, 66%; 0,, 20%; He, 14%; CO, 0-28%) from the light-weight 
cylinder, using the bellows as meter. The patient then inspires maximally (or 
near maximally), grasps the mouthpiece on the respiratory non-return valve — 
and expires maximally into the box, thereby raising the bellows. He inspires 
fully the gas mixture from bag B1, holds his breath for 10 sec and then expels 
it as rapidly as possible. After 1 1. of expirate is discarded into the box, tap 
V2 is rapidly reversed so that the remainder is collected in bag B2. A sample 


of es alveolar gas is taken via the enone port into an evacuated bottle for 
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subsequent analysis, He by katharometer and CO by infra-red analyser. All 

quantities can now be obtained for determining Dog by Krogh’s equation. 
Fy. -F1,, 


Fig. 1. Portable apparatus with timing box, light-weight cylinder _ 
| and a gas sampling bottle. 


where Doo = diffusing capacity of the lung in ml, CO/min.mm Hg gradient in 
CO tension between alveoli and blood; F, Fy. , are respectively 
concentrations of He and CO in inspirate and expirate; V;= volume (s.T.P.D.) 
of inspired gas in 1. (from spirometric record) ; t= time of breath holding (min); 
B.P.= barometric pressure (mm Hg). 
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Itshould be noted that where there is defective gas mixing, e.g. inemphysema, 
the alveolar volume V, should not, as in the above equation, be calculated from 


F, | 
dilution of helium | Z ‘, but should be obtained from V,;+R, where Ris 
Eu. 


the residual volume measured by multiple breath method. 

In the laboratory the standard deviation of individual observations of Doo 
based on forty-three determinations in duplicate on five normal persons was 
1-674 ml./min.mm Hg. Errors due to sampling and carriage of gases are not 
included. 

The gas sampling bottle shown in Fig. 1 is a larger modified version of that 
described by Carey et al. (1957). It is designed to hold relatively large samples 
(700 ml.) without significant loss for at least 12 hr and to permit ready expulsion 
of the contained gas at atmospheric pressure. This is effected by a rubber 
balloon in the bottle which can be inflated from outside, driving the gas to 
the exterior through a separate tube. The bottle is evacuated and the sample 
taken inside, as well as outside, the balloon so that there is no concentration 
gradient and therefore no diffusive loss. Loss by solution of gases in the 
material of the balloon is so small that it may be disregarded. 

The apparatus is at present being further developed as follows. A higher 
gear ratio on the recording drum will give a better record of the expiratory 
flow rate graph. A device is to be incorporated for end-tidal sampling which, 
in conjunction with extra bags external to the box, should permit assessment 
of Doo by steady-state method. It is also hoped to measure mixing efficiency 
by adding a second, heavier, inert gas to the above mixture in addition to the 
helium already present. 

Thanks are due to the University of London Central Research Fund for a grant for apparatus. 
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Pulmonary vasodilator fibres. By I. pz Buren Daty and M, DE 


Burger Dany. The A.R.C. Institute of Animal Physiology, Babraham, 
Cambridge 


~ It has previously been shown in dog lung perfusion experiments in which 


ventilation wascontrolled that electrical stimulation of pulmonary sympathetic 
vasomotor nerves usually causes an increase in pulmonary vascular resistance. 
This response occurred after all known passive effects on the pulmonary circu- 
lation had been eliminated and was due, therefore, to constriction of the 
pulmonary vascular bed proper. On rare occasions a decrease in pulmonary 
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vascular resistance was observed. In these experiments, however, passive 
effects on the pulmonary vascular resistance of events taking place in the 
bronchial circulation were not excluded. The pulmonary arterial depressor 
responses might therefore have been secondary to redistribution of blood 
through communicating channels between the two circulations. The only way 
of eliminating these passive effects is to repeat the tests during temporary 
cessation of perfusion of the bronchial circulation (for literature see I. de B. 
Daly, 1958). We have now examined this pulmonary arterial depressor 
response under such conditions. 

In an atropinized perfused living animal preparation in which the lungs were 
perfused simultaneously through both circulations electrical stimulation of the 
left thoracic vagosympathetic nerve caused an average reduction of 17-5% in 
pulmonary vascular resistance. When the test was repeated after the pump 
perfusing the bronchial vascular system was turned off a similar response to 
nerve stimulation was observed which persisted after the injection of hexa- 
methonium. 

_Itis concluded that the observed reduction in pulmonary vascular resistance 
is due to dilatation of the pulmonary vascular bed proper. The fibres concerned — 
can therefore be distinguished from atropine-sensitive vagal fibres, stimula- 
_ tion of which cause a pulmonary arterial depressor response ou de B. Daly 
& Hebb, 1952). 
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Membrane potentials recorded from moth muscle fibres. By 
P. Betton. Department of Zoology, The University, Glasgow 


In the haemolymph of phytophagous insects the ratio of the concentration of 
sodium ions to potassium ions is usually less than unity; calcium and mag- 


nesium are often present in high concentration. The ionic concentration of — 


_ these fluids raises interesting problems in the light of present-day theories of 
membrane activity. 

Prelimimary studies have been carried out on the muscles of the following 
_ moths: Actias selene, Antheraea pernyi, Philosamia cynthia (Saturniidae) and 
Arctia caja (Arctiidae). Two experimental salines have been used, (a) ‘locust 
saline’ containing (mm) Na, 140; K, 10; Ca, 2; Mg, 2; Cl, 148; HCO,, 4; 
H,PO,, 6 (Hoyle, 1953); and (6) ‘moth saline’ containing (mm) Na, 30; K, 50; 
Ca, 5; Mg, 10; Cl, 100; HCO,, 4; H,PO,, 6; sucrose, 100; corresponding to the 
concentrations found in the haemolymph of Actias selene, modified in relation 
to Duchateau, Florkin & Leclerq (1953). Resting potentials measured at 
18-20° Cin either saline usually ranged from 40 to.65 mV. The general features 
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of neuromuscular transmission for moth muscle in moth saline resemble those 
found in other insects using ‘frog type’ saline (see Hoyle, 1957). A change to 
locust saline makes little difference. The responses to nerve stimulation 
suggest that most of the muscle fibres are innervated multiterminally by a 
‘fast’ axon. A junction potential usually follows each nerve stimulus, and is 


ii iii 

Fig. 1. Action-potentials from the flexor tibiae muscles of the following moths: (i) Arctia caja 
(moth saline), (ii) Actias selene (locust saline), (iii) Philosamia cynthia (locust saline) ; response 

to a pair of stimuli; note that only the second junction-potential initiates an active membrane- 
response. Vertical scale 10mV, time marks of 1 msec on zero base line (upper trace), 
retouched. 


normally followed by a spike-like response. The over-all amplitude of the 
action potential varies from 40 to 70 mV, i.e. the larger responses show a slight 
overshoot. Large changes in the concentrations of the various cations in 
the bathing saline affect the muscles after a considerable delay. If the neuro- 
muscular mechanism conforms to the currently accepted ionic permeability 
scheme, there must be a diffusion barrier protecting the nerves and muscles. 
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Excitation of contraction in crustacea. By G. Hoyir. Biology 
Division, California Institute of Technology, Pasadena 

The current tendency is to regard the contractile mechanism of muscle as 
being coupled to the membrane potential. On this basis it is not difficult to 
explain how different extents of contraction might come about in a single 
muscle fibre, as occurs in crustacea on fast- and slow-nerve fibre action. It 
would then also be possible to explain mechanical inhibitory action, on the - 
basis of a counteraction to the depolarizing tendency of excitation (cf. Fatt & 
Katz, 1953). To test these possibilities excitation was studied in several 
muscles of eight species of decapod crustacea by stimulating single nerve 
fibres, recording membrane potential changes in the muscle fibres with intra- 

cellular electrodes and also total muscle tension. 
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The electrical responses were markedly different in different muscles, and 
often showed a wide range in the same muscle. The responses to slow-fibre 
stimulation ranged from the barely detectable to junctional potentials (3.P.’s) 
of 25 mV. The responses to fast-fibre stimulation ranged from minute junc- 
tional potentials to overshooting spikes of 80 mV. 

It was found that in many muscles actuated by junctional potentials 
_ alone there is correlation between the extent of over-all depolarization and the 
tension developed, for both slow- and fast-fibre action. Several circum- 
stances, however, lead to the belief that this is not a causal relationship. Thus 
in the closer of Cancer antennarius the maximum extent of depolarization was 
never more than 2 mV, although covering the full contraction range. In the 
extensors of Panulirus interruptus tension develops smoothly at a frequency of 
stimulation of the fast axon at 10 per sec, although at this frequency the J.p.’s 
evoked are less than 1 mV and there is no over-all depolarization. 

Also some muscles show a paradox state (Wiersma & Van Harreveld, 1938) 
in which there is no contraction in response to stimulation of the fast fibre at 
10 per sec although the J.P.’s are 12 mV. When the slow fibre to the same 
muscle is stimulated at the same frequency there is a smooth contraction, © 
although the J.P.’s of the same muscle fibres are less than 0-5 mV. 

It is suggested that excitatory transmission results from some intermediate 
action such as the movement of an ion. The different motor axons liberate 
different transmitters which in the case of the slow and some fast fibre actions 
can initiate the intermediate action directly, in the absence of appreciable 
membrane potential changes. 
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Inhibition of contraction in crustacea. By C. A. G. Wiersma. Biology 
Division, California Institute of Technology, Pasadena 


All slow-fibre excitations of crustacean muscle can be completely inhibited 
mechanically by inhibitory nerve action. The same applies to fast-fibre exci- 
tations except those in which twitch responses to single impulses occur. The 
electrical effect of inhibition in several muscles of six species of decapods was 
recorded, and at the same time the tension was examined. Inhibition given 
alone resulted, in different preparations at different times, in zero, negative or 
positive potential changes up to a maximum of 1 mV for a single impulse. 
Electrical displacement of the membrane potential leads to the appearance of 
inhibitory potentials, to their enhancement or reversal according to the sign. 

In most muscles examined the inhibitory action does not attenuate the 
excitatory junctional potentials whatever the time relations and is said to be 
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simple (8). In the opener and stretcher of crabs and crayfish it attenuates the 
junctional potentials if the timing is right and is then said to be supplemented 
(x). The latter have not been found to be either more efficient (lower inhibitory/ 
excitatory ratio) or to cause faster relaxation than the former. 

In many cases inhibition could be shown to counteract the depolarizing 
tendency of excitation just as if a polarizing current had been passed across 
the membrane. But there were exceptions, e.g. when inhibition itself had a 
depolarizing effect. 

It is believed that inhibition cannot be explained adequately on the basis of 
counteracting depolarization, and it is therefore proposed that the inhibitory 
transmitter substance has a direct action on the unknown intermediate events 
which couple the excitatory transmitter action to the contractile substance. 


The dependence of post-exercise hyperaemia on the rate of exercise 
in the cooled forearm. By R. 8. J. Cuarxe and R. F. Hetton. 
M.R.C. Climate and Working Efficiency Unit, Department of Human 
Anatomy, University of Oxford 7 

It has been found that the hyperaemia following a standardized sustained 
contraction of the forearm is reduced by cooling the arm in a water-bath at | 
18° C and increased by heating at 42° C (Clarke, Hellon & Lind, 1957). Coles & 
Cooper (1957) noted that rhythmic exercise in the cooled forearm at a fre- 
quency of 30 contractions/min gave the same hyperaemic response as a fore- 
arm at normal temperature. A possible explanation for the difference between 
these two sets of results lies in the different types of exercise. Rhythmic 
exercise includes an element of internal work which will vary with tissue 
viscosity. In a cooled arm, the proportion of internal work would increase 
with increasing viscosity, so that a greater total amount of work would be 
done than in an arm at normal temperature. If the frequency of exercise is 
increased above 30/min, the factor of internal work should play a greater part 
in the total work done and might give rise to an increased —— 
hyperaemia in a cooled arm. — 

Experiments were performed in which standardized rhythmic contractions 
of the forearm were made for 2 min at rates of 30, 45 and 60 contractions/min. 
The forearm was immersed for 30 min before, and also during and after the 
exercise, in a water-bath at 18, 26, 34 or 42° C. 

Heating the arm at 42° C caused a greatly increased post-exercise hyper- 
aemia at all frequencies and in this respect rhythmic exercise was similar to 
sustained exercise. Cooling the arm had no effect on the hyperaemia when the 
frequency was 30/min, thus confirming the finding of Coles & Cooper. At 
45/min there was a moderate increase in the hyperaemia in the cooled arm 
and at 60/min this effect was marked. 5 
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The results therefore are consistent with the hypothesis and suggest that 
in cooled tissues, internal work may be an important fraction of the total 
work performed, particularly when the rate of exercise is greater than 


30 contractions/min. 
REFERENCES 


Clarke, R. 8. J., Hellon, R. F. & Lind, A. R. (1957). J. Physiol. 187, 45 P. 
Coles, D. R. & Cooper, K. E. (1957). J. Physiol. 187, 35P. | 


Method for the repeatable, acute, occlusion of the blood supply 
to the brain of the conscious dog. By T. D. M. Rozerts. Institute 
of Physiology, University of Glasgow 


From earlier reports (e.g. Cooper, 1836; Ferguson & Gray, 1953), it appears 
that the blood supply to the brain of the dog may not be dependent on the 
carotid and vertebral arteries alone. To arrest the blood supply to the brain it 
is necessary so to place the ligatures that they are not by-passed either by 
pre-existing anastomotic channels or by collateral vessels which open up later. 
Dogs were prepared by bringing both common carotid arteries to an acces- 
sible position in tube-grafts (‘carotid loops’), the carotids being left open at 
this stage. Other vessels were then tied off one by one at successive operations 
until the whole of the blood supply to the brain appeared to be passing in the 
carotids. By this procedure the stimulus to the formation of collateral vessels 
was kept to a minimum. In a successful preparation, the dog faints reliably 
on simple compression of the carotid loops. | 
_ The crucial combination appears to be to close the basilar artery together 
with the anastomoses (on each side) between the occipital arteries and the _ 
vertebral arteries. The basilar artery was approached from the ventral aspect, 


keeping to one side and avoiding opening the pharynx. 


TABLE 
Vessels tied Result of com ing carotid loops 
Vertebrals in neck Sometimes faints (3 dogs) 
Basilar | Very ovate’ faints (1 dog) 
_ Vertebrals in neck and basilar Sometimes faints (2 dogs) 
Occipitals and basilar Always faints (1 dog) 


The method has been used to determine the time of onset of unconsciousness 
in the dog after stopping the blood supply to the brain. Unconsciousness was 
found to ensue in about 12 sec, as judged from the development of large, slow, 
waves in the e.e.g. 
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The effect of temperature on the synthesis of acetylcholine by 
the enzyme choline acetylase from mammalian and fish brain. 
By A. 8. Minton*. A.R.C. Institute of Animal Physiology, Babraham, 
Cambridge 

The effects of temperature upon the rate of synthesis of acetylcholine by 

choline acetylase have been estimated in two species. 

The results obtained are shown in Table 1. The resulting curves obtained by 
plotting activity against temperature show two marked differences. The curve 
for fish is much broader; this is to be expected as the fish has a varying body 
temperature dependent on the environmental temperature, whereas the rabbit 
has a constant body temperature. The maximum activity for rabbit occurs at 
a higher en this is again explained ** the difference in sana 
temperature. 


| 
Fish (Wrasse), Labrus viridis Rabbit 
emp syn p- syn 
(° C) fresh tissue/hr (°C) fresh tissue/hr 
5 500 17 80 
10 1200 22 207 
15 2000 27 363 
20 2400 32 863 
25 3200 37 1090 
30 3000 42 1420 
37 20 47 273 


The fish brain shows a much greater activity which is probably related to 
the fact that the fish is lower on the eVolutionary scale than the rabbit, with 
@ more primitive brain containing a higher proportion of cholinergic to non- 
cholinergic fibres than is found in the rabbit. 

The question arises whether the same choline acetylase is present in fish and 
mammals, The following results have a bearing on this. 

Incubation of fish enzyme for 1 hr at 37° C causes a loss in activity of over 
80%. The same treatment of rabbit enzyme only causes a 15% loss. Complete 
loss of activity in the rabbit occurs at 47° C. 

Cell fractionation of fish brain showed that the activity was almost entirely 
in the mitochondrial and free supernatant fractions. Although these results 
are similar to those obtained by Hebb & Smallman (1956) for the rabbit, there 
is other evidence to suggest that the enzyme is bound differently in the fish 
cell. Thus ether treatment of rabbit brain homogenate causes a 300-500% 
increase in choline acetylase activity (Hebb & Smallman, 1956) but ether 
treatment of fish brain homogenate causes a fall in activity of 20%. 

The results suggest that the two enzymes are different. 
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Hypothalamic mechanisms and the control of sexual behaviour 
in the female cat. By G. W. Harris and R. P, Micnary.* Department 
of Neuroendocrinology, Institute of Psychiatry, Maudsley Hospital, London, 
S.£. 5 | 

It is known that oestrogens are essential for the expression of sexual be- 
haviour in the female cat and that animals deprived of their ovaries never 
accept the male. Earlier studies have shown that mating behaviour is not 
abolished by removal of neocortex, rhinencephalon, striatum and rostro- 
lateral thalamus. When ablations are extended to include the hypothalamus 
and upper mesencephalon the behavioural pattern characteristic of oestrus is 
lost. Lesions within the hypothalamus often, though not invariably, block the 
behavioural effects of administered hormone, but the general disturbances 
caused by lesions at this site make interpretation difficult. 

To overcome these difficulties a method has been developed by which small 
amounts of hormone have been directly applied to various sites in the central 
nervous system, Using ovariectomized female cats, small implants (about 
0-2 mg) have been introduced locally, by means of a stereotaxic technique, 
into the hypothalamus, thalamus, amygdala, pre-optic area, caudate nucleus 
and cerebellum. Animals so prepared remained healthy and indistinguish- 
able from normal. The behavioural responses have been followed by daily 
mating tests with specially trained males and the response of the vaginal 
smear has been followed and used as an index of the systemic release of 
hormone. 

The release rate from solid implants of esters of stilboestrol diminishes with 
increasing length of the fatty acid side-chain. A preliminary study with a 
series of different esters showed small implants of the dibutyrate ester to be 
specially suitable, as this produced mating only when implanted in the c.n.s. 
and not when implanted at subcutaneous sites. In subsequent experiments 
employing this ester, thirteen of seventeen animals with oestrogen applied 
locally to the posterior hypothalamus showed sustained mating behaviour, 
_ while only one of the nineteen animals with implants in other parts of the 
brain mated though some showed signs of sexual activity. Of the thirteen 
mating animals nine were doing so with persistently anoestrous genital tracts. 

These findings indicate that the behavioural effects were due to local and 
not general hormone action and support the conclusion that there exists in 
this basal area of the brain a mechanism for integrating simpler reflexes into 
the complex pattern of sexual behaviour. 


ey Medical Research Council Clinical Research Fellow. 


‘ 
<3 
‘ 
oa 
>, 
vig 
ty 
4 
, 


SOCIETY, 21-22 MARCH 1958 27 P 


Weight loss of the perfused rabbit heart on stimulation by 
adrenaline. By J. Srupps and W. F. Wippas. of 
Physiology, King’s College, London, W.C. 2 


The effeet of adrenaline on the rabbit heart perfused by the coronary arteries 
has been investigated using an apparatus which enabled the weight of the 
heart to be continuously recorded (Widdas, 1957). Hearts varied from 6 to 
18 g in weight and adrenaline (0-2 ug/g heart) produced a temporary loss of 
weight of 5-15%. The reduction in weight occurred during the initial augmen- 
tation of the force and rate of contraction. The effect was still observed when | 
both ventricles were drained by cannulae or their apices were removed, and 
is not due to a change in volume of fluid in the ventricular cavities, The loss 
in weight is too large to be accounted for solely by changes in the coronary 
vascular bed, and a reduction in intracellular or interstitial fluid (or both) 
must also be involved. 

Electrical stimulation at rates attained during a response to adrenaline did 
not cause a comparable effect, but a weight loss of even greater magnitude 
could be produced by excess Ca*+. By contrast, arresting the heart with 
acetylcholine or potassium citrate resulted in a rapid increase in weight. 

The influence which the systolic intramural pressure might have on the 
coronary circulation has been extensively studied (e.g. Anrep, Blalock & 
Hammouda, 1929; Gregg, Green & Wiggers, 1935; Katz, Jochim & Bohning, 
1938). This pressure, which may exceed systolic aortic pressures (Johnson & 
DiPalma, 1939), should also affect the distribution of water between the 
coronary circulation and the interstitial fluid by opposing, or possibly re- 
versing, the capillary filtration pressure during systole. 

On the basis of the present results it is suggested that in the myocardium 
there is a balance between diastolic capillary filtration and systolic back- 
filtration in addition to any spatial balance, as in the usual form of Starling’s 
hypothesis (Starling, 1896). Such a temporal balance would be disturbed by 
changes in the force of contraction or in the duration of systole relative to 
diastole. 


Grants from the Medical Research Council (for Scientific Assistance) and from London Uni- 
versity Central Research Fund (for apparatus) are gratefully acknowledged. 
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The action of noradrenaline on pepsin secretion from the stomach. 
By E. H. L. Harries and I. Pameta Kenprick. Department of 
Physiology, University of Birmingham 

Harries (1957) suggested that the inhibition of acid gastric secretion by 

sympathomimetic amines was due to an inhibitory action on vagal tone. 

Peptic activity is more dependent on the vagi than is the secretion of acid. 

It was therefore decided to investigate the action of noradrenaline (1-2- 

2-4 ug/kg/min) upon the pepsin output of unanaesthetized dogs with simple 

gastric fistulae secreting in response to a constant infusion of histamine acid 

phosphate (0-6 xg/kg/min). Pepsin was determined by Hunt’s method (1947). 
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Fig. 1. Dotted line represents pepsin secretion (Hunt units/min). Continuous line represents total 
acid secretion in m-equiv/min. Continuous intravenous infusion of histamine acid phosphate 
(0-6 pg/kg/min) from 0 to 255 min and noradrenaline (2-4 »g/kg/min) from 90 to 150 min. 


As seen in Fig. 1, the fall in pepsin output closely parallels the fall in acid 
secretion. Whether this fall in pepsin output/min is due to a true inhibition is 
uncertain. It could be a reversal of the ‘washing-out’ hypothesis (Babkin, 
1950; Gilman & Cowgill, 1931); if so either noradrenaline does not act by 
inhibiting parasympathetic ganglia, or, more likely, pepsin secretion con- 
tinues in the absence of nervous stimuli. | 
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The effect of methylpentynol on the water metabolism of rats. By 
8. E. Dicker. Department of Pharmacology, University College London 


Rats kept in metabolism cages with food ad lib. were given the choice of 
drinking water or ethanol solutions. When the concentrations of ethanol 
solution lay between 4 and 8%, rats showed a marked preference for ethanol 
(Richter, 1957): the calorie intake from ethanol never exceeded 4 cal/100 g 
body weight/24 hr, i.e. one-eighth of the total daily calorie intake. When the 
concentration of ethanol was raised to 20-25% rats did not drink it. When, 
however, methylpentynol carbamate had been administered daily in doses of 
12-5 mg/100 g for 5 days, the rats drank even the concentrated ethanol — 
solution. The administration of methylpentynol carbamate decreased the 
total amount of liquid (ethanol+ water) drunk without decreasing the urine 
excretion. To investigate this, the drug was given to control rats, which had 
only water to drink. Methylpentynol carbamate (12-5 mg/100 g/24 hr) was 
given for 5 days; it produced a substantial decrease of water intake, with no ~ 
change or more often an increase in urine output. The food intake decreased 
slightly. There was a marked fall in body weight, which persisted for several 
days after the administration of the drug was stopped. In an attempt to 
analyse this reduction of water intake accompanied by an increase of urine 
excretion, male and female rats were anaesthetized with urethane, the blood 
pressure being recorded in the males, and uterine contractions in females. 
Hypertonic solutions of NaCl (3%) were injected into the carotid artery before 
and after the intracarotid injection of methylpentynol (5 mg/100 g body 
weight). Whereas the injection of hypertonic solution of NaCl before that of 
methylpentynol produced a rise in blood pressure or contraction of the uterus 
(Abrahams & Pickford, 1954), these reactions were absent after the injection 
of methylpentynol, indicating that the neurohypophysis no longer responded 
to hypertonic stimuli. Methylpentynol also reverses the pressor effect of 
nicotine (0-5 mg/100 g). 

Thus methylpentynol in control rats appears to deni the centres regu- 
lating thirst, and has a marked action on the general metabolism, as indicated 
by their prolonged loss of weight. The drug, like ethanol (Dicker, 1954), also 
acts by stopping the release of neurohypophyseal hormones following hyper- 
tonic stimulation. The lack of discrimination against high concentrations of 
ethandl’ ms may perhaps be attributed to the depression of certain thalamic 
centres. 
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Effect of methylpentynol on learning in rats. By R. H. J. Watson. 
M.R.C. Group for the Seperate Investigation of Behaviour, University 
College London 


It has previously been shown that methylpentynol increased the activity and 
exploratory behaviour of rats (Dicker, Steinberg & Watson, 1957), and it was 
suggested that the increase might be due to reduced fear. In the present 
experiment the effect of methylpentynol on learning was studied, using a dis- 
crimination problem in which fear was the incentive to learn. 

Rats were placed in a tank of water, from which they could escape only by 
swimming through one of two doors on either side of a partition. In each trial 
only one of the two doors was unlocked, and the side which was unlocked was 
varied at random. The rats had to learn that a white rectangle above a door 
meant that the door was unlocked, in contrast to a black rectangle above the 
locked door. Twenty adult male hooded rats were randomly assigned to two 
groups of ten animals. Each animal in the experimental group was given 
orally methylpentynol (12-5 mg/100 g) 15 min before its first trial each day. 
Each animal in the control group was given a similar volume of control at a 
similar time. Animals were given ten trials each day until 10 ‘correct’ trials 
on one day were made. Experimental animals took on the average 6 days 
longer to learn the discrimination than the controls. 

On the day following the 10 ‘correct’ trials, the animals began the second 
part of the experiment. This consisted of the more difficult task of learning to 
reverse the previous discrimination, i.e. the black rectangle was now associ- 
ated with the unlocked door and the white rectangle with the locked door. 
The experiment was terminated after each animal had received 1500 trials at 
the reversal problem, unless it had learnt it earlier. Ten ‘correct’ trials on 
one day were again required for the animal to be regarded as having learnt the 
problem. At the close of the experiment eight of the ten controls had learnt 
the reversal problem, but only three of the experimental animals had done so. 
The difference between the groups was significant (P =0-035). 

It is suggested that the poorer learning performance after methylpentynol 
might be attributed to (a) a reduction i in fear motivation, se (6) a loss in 


learning ability. 
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The kinetics of visual pigments in human cones. i W. A. H. 
Rusuton. Physiological Laboratory, University of Cambridge 

The relative density of visual pigments upon the human fovea may be 

measured in about 7 sec by the method of retinal densitometry (Rushton, 

19574, 6). The normal fovea contains two cone pigments which regenerate at 
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the same rate after bleaching and which bleach at the same rate when white 
light is used. In white light, therefore, the two pigments may be treated as 
one, and their kinetics studied as follows. 

The fovea is exposed for exactly 10 sec to a bright light I, which is then 
immediately reduced in brightness to J, such that the pigment is neither 
bleached further nor allowed to regenerate, but is held at a steady level 
indefinitely. If x is the fraction of the total pigment bleached, the experi- 
ment gives the value of J, which will bleach z in 10 sec and of J, which will 
exactly compensate regeneration at level z, 

Now from the simple theory of photolysis the relation between z and J, is 
known, and the experimental results fit this curve and determine its one 
arbitrary constant—the photosensitivity of the cone pigments. From this 
the rate of steady bleaching by I, may be calculated absolutely, thus giving 
the rate of regeneration which J, exactly neutralizes. The results show that for 
each value of x the regeneration rate is equal to z/130 per sec. 

Now there is quite a different way in which the regeneration rate may be 
found. After an exposure which bleaches all the pigment, the value of z may 
be plotted against time as regeneration proceeds in the dark, and a tangent to 
this curve at any level z clearly gives the dark regeneration rate. This is found 
also to be w/130, showing that regeneration is the same in light and darkness 
and hence (introducing the evaluated photosensitivity) that the kinetics are 


given by da _(1~—2) (1) 
d¢ 130’ 


where «=fraction of total pigment bleached, ¢ is time (sec), J is intensity 
(trolands) and may be any function of t. Equation (1) permits the fraction of 
pigment bleached at each instant to be calculated absolutely for any light- 
dark manceuvre, and experiments confirm such predictions. 

The biochemistry of visual pigments leads to the expectation that regenera- 
tion rate is proportional to x, the concentration of free opsin, for 


opsin 
A ester <=— Vit. retinene —— cone pigment. 


The retinene is ‘buffered’ at a constant low level y and the bimolecular reaction 
of pigment synthesis degenerates into 


a (ky) by experiment. 


A fuller account of this work will appear elsewhere (Rushton, 1958). 
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Individual variations in the energy expenditure of standardized 
activities. By J. V. G. A. and L. Namystowsxi. Institute 


of Physiology, The University, Glasgow, W. 2 


The effect of ischaemia on the response of sweat glands to acetyl-8- 
methylcholine and acetylcholine. By K. J. Conins, F. Sarcent,* 
and J. S. Werner. Medical Research Council Climatic and Working 
Efficiency Unit, Department of Human Anatomy, Oxford 


The activity of sweat glands in the human forearm can be depressed or 
abolished by occluding the arterial blood supply; the number of glands falls 
progressively (Randall, Deering & Dougherty, 1949) and the volume of 
secretion declines (van Heyningen & Weimer, 1952). 

Experiments were undertaken in order to identify the site and the nature of 
this ischaemic depression. The number of active glands in a marked area of the 
forearm was counted by the method of Thomson & Sutarman (1953); the same © 
glands were followed consecutively by projecting the plastic films. Sweating in 
the forearm was induced in cool ambient conditions (20° C) either by immersing 
the lower legs in water at 43-45° C, or by intradermal injections of acety!-f- 
methylcholine or acetylcholine in 0-05-0-1 ml. normal saline. ‘Stimulating’ 
doses were given before and ‘test’ doses during the 30 min occlusion period. 

The fall in sweat gland activity during arterial occlusion occurs whether the 
sweat glands have been stimulated indirectly by heating or directly by acetyl- 
B-methylcholine. The recovery after release of occlusion is prompt. The de- 
pression of the heat-induced sweating can be shown to be of moderate degree 
for the glands can be restimulated by acetyl-8-methylcholine during the 
ischaemic period. With drug-induced sweating, the intensity of the depression 
is dependent on the amount of drug used. By progressively increasing the 
stimulating dose, the responsiveness during the occlusion is found to be cor- 
respondingly reduced, but the recovery is unaffected. When large doses of 
acetyl-8-methylcholine (200 ug) or acetylcholine (2000 ug) are, followed by 
similarly large test doses, the recovery after ischaemia is also impaired. More- 
over, with these large doses, the depression during ischaemia is intensified in 
the area close to the point of injection. Even in the absence of ischaemia, 


_* Guggenheim Memorial Foundation Fellow, University of Illinois, Urbana. 
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two consecutive doses of 200 ug acetyl-8-methylcholine or 1000 pg acetyl- 
choline can in fact produce a depression of response in the glands close to the 
point of injection which may last at least 10 min. Thaysen & Schwartz (1955) 
have assumed that the decrease in sweating following repeated intradermal 
injections of acetyl-8-methylcholine (2000 yg/0-5 ml.) is comparable to natural 
sweat gland ‘fatigue’. This seems questionable since doses far above threshold 


are involved. | 
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Two kinds of histaminase. By H. Buascuxo, P. Farepman and 
Karen Nitsson. Institute of Physiology, University of Lund, Sweden, 
and Department of Pharmacology, University of Oxford 

The experiments to be reported were carried out in order to test the hypothesis 

that there exist two kinds of enzyme for the oxidative deamination of hist- 

amine, the first specific for the di-cationic form of histamine, the second for the 
mono-cation. The prototype of the first kind is the pig kidney enzyme, which 
acts on short-chain aliphatic diamines as well as on histamine; the prototype 
of the second kind is the pig serum enzyme, which acts on monoamines as well 
as on histamine. 

At pH 8-0 histamine is present almost entirely as the mono-cation; the 
proportion present as di-cation increases with increasing hydrogen-ion 
concentration. 

A preparation of the pig kidney enzyme was used for the study of the ratio, 
tate of oxidation of cadaverine:rate of oxidation of histamine. The ratio was 

2:5 at pH 8-0 and decreased to 0-3 at pH 6-0, indicating an increase in the © 

relative rate of oxidation of histamine as the concentration of di-cation 

increased with the concentration of hydrogen ions. . 

A preparation of the pig serum enzyme was used for the study of the ratio, 
rate of oxidation of B-phenylethylamine:rate of oxidation of histamine. The 
ratio was 4-0 at pH 6-0 and decreased to 1-3 at pH 7-8, indicating an increase 
in the relative rate of oxidation of histamine as the concentration of mono- 

_ cation increased with decreasing hydrogen-ion concentration. 

It may be mentioned that an oxidation of histamine without an oxidation 
of diamines in pig serum has been reported by Kolb (1957). 
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Observations on phenylbutazone-induced ulceration and gastric — 
secretion in the guinea-pig. By J. Warr and C. W. M. Wizson. 
Departments of Pathology and Pharmacology and General Therapeutics, 
University of Liverpool 
The inhibitory effect of phenylbutazone (200 mg/kg 1.P.) on gastric secretion 
in the guinea-pig was reported by Watt & Wilson (1957). Subsequent investi- 
gations on a larger number of animals have confirmed the previous results, 
and shown that the secretion of acid, and peptic activity are greatly reduced 
6-14 hr after injection of the drug. The changes in the secretion are shown in 


Peptic activity 


Time (hr) 


Fig. 1. The mean number of gastric ulcers per animal, and the changes in the free acid and peptic 
activity of the gastric secretion, following phenylbutazone, 200 mg/kg 1.P. 


Examination of the stomach in a group of thirty-six animals killed 2, 4, 6, 14, 
18 and 24 hr after injection of the phenylbutazone revealed multiple acute 
ulceration in all the animals. The average number of ulcers per animal is 
shown in Fig. 1. The ulcers appeared during the first 6 hr when the acidity 
was falling and the peptic activity was still high. No significant increase in 
the number of ulcers occurred until the acidity had risen again in the 18- 
24 hr period. 

In another group of animals, in order to neutralize the acid completely, 
magnesium oxide was given at hourly intervals from 1 hr before and up 
to 6 hr after the administration of phenylbutazone. Ulceration was present 
in only 66% of the animals and the number of ulcers per animal was reduced 
by m more than 50%. 
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The results show that phenylbutazone predisposes to the formation of 
gastric ulcers. The acidity or peptic activity of the gastric contents is partly 
responsible for the initiation of the focal lesions but some other factor also 
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Electrical activity in expiratory muscles of the cat during inflation 


of the chest. By T. A. Szars*. Department of Physiology, University 
College London 


Diaphragm-slip preparations of the rabbit (Head, 1889) and the cat (Barry, 
1913) were used to demonstrate that tracheal closure at the peak of inspira- 
tion prolonged the subsequent ‘expiratory pause’. Electromyography has 
been used to analyse the activity of expiratory muscles (abdominal oblique 
and intercostal) during this phenomenon. The record of intrapleural pressure 
showed two phases during expiration. The first phase is rapid and will be 
called the ‘passive’ phase; the onset of the second, slower phase coincided 
with the onset of electrical activity in expiratory muscles and will be termed 
the ‘active’ phase. 

During the ‘expiratory pause’ following tracheal closure at peak inspiration 
the frequency of discharge of previously active units was increased and fresh 
ones were recruited. A similar effect was obtained, without initial closure of 
the trachea, when the lungs were reinflated at the beginning of the ‘active’ 
phase of expiration. The effect persisted after bilateral vagotomy, is not due 
to CO,, and is presumed to be a reflex initiated by inflation of the chest. This 
conclusion is supported by the finding that, in the high-spinal preparation, the 
characteristic tonic activity of the abdominal oblique muscle is augmented 
during inflation of the chest. The effect of tracheal occlusion on the expiratory — 
muscle innervated from a given segment of the spinal cord was reduced or. 
abolished by section of the corresponding ipsi-lateral dorsal root. 

In normal respiration, in the intact animal, this inflation reflex is probably 
inhibited since the expiratory muscles show little or no activity during peak 
inspiration. However, it may be active during coughing and sneezing reflexes. 


* Present address: The National Hospital for Nervous Diseases, Queen Square, London, W.C. 1. 
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The assay of kallikrein in urine. By E. W. Horron. Department of 
Pharmacology, University of Edinburgh 

| When kallikrein is incubated with plasma, plasma kinin is formed; this can be 
_detected by its stimulant action on the guinea-pig ileum (Werle, 1937). The 
amount of kinin in the incubation mixture at any given time is determined 
by the rates of three simultaneous processes: (1) the formation of kinin by the 
action of kallikrein, (2) its inactivation by kininase, and (3) the inactivation of 
kallikrein by its inactivator in plasma. If reactions (2) and (3) were prevented, 
the rate of kinin production should be proportional to the kallikrein added, 
and this could form the basis for a method of assay. 

The inactivators can be destroyed by heating plasma at 56° for 3 hr (Werle, 
1934, 1937), but appreciable formation of kinin occurs during this treatment. 
It has been found that the inactivators can also be destroyed by incubating 
plasma at pH 2 and 37° for 10 min. After neutralization, this acid-treated 
plasma contains no more kinin than before the treatment. On incubation of 
human urinary kallikrein with acid-treated dog’s heparinized plasma, the 
quantity of plasma kinin formed is directly proportional to the concentration 
of kallikrein over a dose range of 2-56-40 m-u. (Werle) kallikrein/ml. plasma. 

The sample of urine to be assayed is dialysed for 24 hr against running tap 
water. 0-5 ml. of diluted urine is then added to 1 ml. acid-treated dialysed 
dog’s plasma and incubated at 37° and pH 7-3. After 15 min the reaction is 


stopped by pouring the mixture into boiling alcohol; the alcoholic extracts — 4 


are evaporated to dryness and assayed on the guinea-pig ileum against 
standard plasma kinin. The kallikrein content of the sample is determined by 
interpolation on a standard curve, relating kallikrein concentration to kinin 
production under the conditions specified. A blank is run with each batch of 
samples, since slight activity does develop in the absence of kallikrein. The 
blank value is subtracted from the unknowns before interpolation. 

An extract of kallikrein from human urine was assayed against Padutin, 
(Bayer Products) a standard preparation of kallikrein from hog pancreas, by 
the procedure described and on the dog’s blood pressure. The relative potencies 

obtained by the two methods were in very close agreement. 
| This incubation method is more sensitive and quicker than the dog’s blood 
pressure, the method most commonly used for the assay of kallikrein (Frey, 
- Krant & Werle, 1950). It differs from that described by Beraldo, Feldberg & 
Hilton (1956) for the estimation of the substance U-forming factor in dog’s 
urine, because the plasma inactivators of kinin and kallikrein are destroyed, 
the reaction is stopped abruptly and-the kallikrein is estimated in terms of a 
standard preparation. 
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The oxygen consumption of the new-born pig in relation to 
environmental temperature. By L. E. Mount. A.R.C. Institute of 
Animal Phystology, Babraham, Cambridge 


Holub, Forman & JeZkové (1957) have reported that piglets of 3-6 days of 
age do not react with increased metabolism to a fall in environmental tempera- 
ture from 23 to 3° C, while under similar conditions older piglets do show a 
definite increase in oxygen consumption. In view of these results, it would be 
interesting to know what variation occurs in the oxygen consumption of the 
pig during the first day of life when the surrounding temperature varies be- 
tween the limits normally encountered by the animal. The observations 
presented here were made over the range 16-38° C. 

\ Eight new-born pigs (Large White breed, each animal from a different 
litter) aged 10-18 hr and with weights ranging from 0-94 to 1-76 kg were 
placed individually in a closed system which allowed the measurement of 
oxygen consumption and carbon dioxide production. The total period of 
observation of each animal was from 4 to 9 hr, and during this time oxygen 
consumption was noted for measured intervals, usually of 30-40 min each, at 
different temperatures between 16 and 38° C, 

From approximately 9 ml./kg.min at 35-37° C the oxygen used tiscali 
as dry gas at s.t.p.) rose to the order of 25-30 ml./kg.min as the temperature 
fell to 20° C. There was no difference in response between those piglets which 
had previously been suckled by the sow and those which had not. This increase 
in the new-born pig’s metabolic rate on lowering the environmental tempera- 
ture is in general agreement with results on older Pigs over the range 15-30° C 
(Cairnie & 1967). 
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The site of increased histamine formation in rat pregnancy. By 
G. Kantson, Rosencren, H. Westiine and T. Wurre. Institute 
of Physiology, University of Lund, Sweden 


It has recently been found that during the last third of pregnancy the urinary 
. excretion of histamine in the rat is increased to a degree that indicates in- 
creased formation (Kahlson, Rosengren & Westling, 1958). The amount of 
histamine exereted was greater the greater the number of young in the litter. 
This suggests the uterus and its contents as a possible site of increased 
formation. To test this assumption two types of experiments were done. 
(1) At about the third day of increased urinary excretion, i.e. around the 
seventeenth day of pregnancy, the foetuses were removed surgically under 


is 
‘ 
4 
a 
4 
& 
g 
¥ 
q 


88 P PROC. PHYS. SOC., 21-22 MARCH 1958 


ether anaesthesia and daily urinary samples collected from the mother rat for 
another 2-3 days. Before the expected term of pregnancy the rat was autop- 
sied (generally at the 20th day). It was noted that the foetal and maternal 
placentas had remained intact, the endometrium was proliferated and the 
ovaries contained large corpora lutea. Even at the first day after removal of the 
foetuses the histamine excretion was reduced to about pre-pregnant level. In 
a typical experiment, where the rat was under the influence of the histaminase 
inhibitor amino-guanidine, the daily excretion of histamine was about 120 ug 
(base) before mating, 350 at the seventeenth day of pregnancy, when the 
foetuses were removed, and 80 at the day after removal. 

(2) Histidine decarboxylase activity was measured by Schayer’s method 
(Schayer, Davis & Smiley, 1955) in the foetuses and various tissues from rats 
killed at about the nineteenth day of pregnancy when the excretion of 
histamine was high. The tissues were minced with scissors, incubated with 
14C,-histidine at 37° C during 3 hr in an atmosphere of pure N,, andtheamount — 
of 4C-histamine formed measured. In a typical experiment the amount of 
14C-histamine produced was as follows: lung 90, stomach 980, kidney <4, 
uterus, foetal placenta, maternal placenta each <10, foetus 1500. The figures 
are counts/min 1C-histamine formed per g tissue, where 1 wg ‘C-histamine 
gives 600 counts/min. 

The first type of experiment shows that the increased formation of hist- 
amine during the last third of pregnancy depends on the presence of the foetuses, 
which, in the second type of experiment, are shown to be richer in histidine 
decarboxylase than any other tissue examined in the rat. 
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Effect of hypoxia of one lung on the pulmonary circulation in 
man. By M. Arsoretivs Jr., J. Derarzs, G. Lunpin, B. C. R. |} 
StrR6MBLaD and L. SVANBERG. Institute of Physiology, University of | 
Lund, Sweden 3 


Experiments on animals and humans have shown that changes in the resistance 
to pulmonary blood flow can be induced by varying the partial pressures of 
the respiratory gases. In animals it has been demonstrated that vascular 
responses to hypoxia of one lung tend to shift the blood flow towards the 
adequately ventilated lung. Studies in man on the effect of hypoxia of one 
lung are few and the results contradictory. The experiments in man have so 
far been made on subjects with varying pulmonary diseases. 
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We have observed the effect of unilateral hypoxia in nine healthy subjects 
and in two with slight pulmonary affections. The degree of hypoxia induced 
varied: 5-15% oxygen in nitrogen was administered. Before induction of 
hypoxia the distribution of blood flow was determined from the oxygen 
uptake of each lung during breathing of normal air. Subsequently the distri- 
bution was assessed during hypoxia of one lung. 

During unilateral hypoxia expired air from each lung was collected and 
samples of end-tidal air were withdrawn by an automatic arrangement — 
described by Otis & Rahn (1947). The volume of the gas mixtures was 
measured and the composition analysed according to Haldane. The end-tidal 
air flowed through a tonometer containing 10 ml. of the subject’s venous 
blood. The oxygen and carbon dioxide content of the blood equilibrated with 
the end-tidal air was determined by the manometrical van Slyke technique. 
The blood flow through the lungs during hypoxia of one lung was estimated by 
applying Fick’s principle to the volume of CO, expired and the CO, difference 
between mixed venous and end-capillary blood for each lung. The CO, content 
of the tonometer blood was assumed to be the same as that of the end-capillary 
blood. The CO, content of the mixed venous blood reaching the lungs was 
determined as described by Rahn & Bahnson (1953) from the composition 
(0, and CO,) of the tonometer blood and the r.q. of each lung. The R.9. was 
obtained from the end-tidal air. 

Because of the alveolo-arterial pressure difference, the O, in the tonometer 
blood cannot be considered to represent exactly the QO, in the blood leaving the 
lungs. The distribution of blood flow was therefore calculated in relative figures _ 
as well. Various CO, contents of mixed venous blood were assumed. These — 
figures were chosen so as to give cardiac minute volumes ranging from 3 to 
121. Variations within this range had little influence on the figures for the 
relative distribution of blood between the two lungs. 

With one lung hypoxic all values obtained in our experiments in man have 
indicated a shift of blood towards the lung breathing normal air. | 
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THE COAGULATION OF HORSE BLOOD 


By P. FANTL anp A. G. MARR 


From the Baker Medical Research Institute, Alfred Hospital, 
Melbourne, Australia | 


(Received 9 September 1957) 


Available information about the coagulation of horse blood is contradictory. 
Soulier & Larrieu (1953) found that. horse blood contained clotting factors in 
concentrations not markedly different from those of human blood. However, 
Bell, Archer & Tomlin (1955) reported that in horse blood prothrombin and 
clotting times were prolonged and clot retraction was poor, in spite of platelet 
counts within normal human limits. They (Bell, Tomlin & Archer, 1955) found 
that the thromboplastin activity produced by horse blood is far less than that 
obtained from human blood, and concluded that the blood of normal horses 
of both sexes was relatively deficient in antihaemophilic factor. On the other 
hand, from results of thrombin generation tests, Sjolin (1956) claims to have 
shown a relative lack of Christmas factor in normal horse plasma, and later 
he observed (Sjelin, 1957) that the defective thrombin generation in horse 
plasma could be improved by either horse or human platelets and concluded 
that the slow clotting of horse plasma was due to a lack of Hageman factor. 
Some of the published results would thus indicate that normal horses are 
bleeders, but an inquiry among those who professionally observe horses during 
work or sport did not indicate that horses suffered from haemorrhage more 
than other animals when subjected to comparable trauma. 

In view of these apparent contradictions it was of interest to investigate the 
blood coagulation mechanism of the horse, and compare it with that of man. 


METHODS 
Blood was obtained from seven horses. One was normally used for the production of diphtheria 


antitoxin, four were draught horses and two were race horses. Their ages ranged from 2tol7 years. — 


According to veterinary examination the horses did not suffer from haemorrhagic tendencies or 
any other disabilities. Blood was obtained from the external jugular vein through a trocar, and 
was collected with the addition of 3th volume of 0-1m sodium oxalate. Three horses were several 
miles from the laboratory and the specimens were transported in an ice box. The four draught 
horses were bled a few yards from the laboratory and the tests carried out immediately after 
collection. 
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In view of the multiplicity of names for the various clotting factors their synonyms are given 
in brackets as follows: 

prothrobmin accelerator (labile factor, factor V, Ac-globulin, pro-accelerin) ; 

8.P. a. stable factor, factor VII, cothromboplastin, autoprothrombin I); 


a-pro boplastin (antihaemophilic factor, thromboplastinogen A, factor VIII, platelet 
cofactor I); 
-prothromboplastin (P.T.C., Christmas factor, thromboplastinogen B, factor IX, platelet 


cofactor II, autoprothrombin IT). 

The whole blood clotting time was measured at 37°C in glass tubes using 1-5 ml. of blood 
according to the technique of Lee & White (1913). 

The thromboplastin generation test used is that of Biggs & Douglas (1953) as. modified by 
Bell & Alton (1954), except that aluminium hydroxide-treated citrated plasma was replaced by 
oxalated plasma treated with barium sulphate (Ba-plasma). Phospholipids (P-lipids) were 
prepared from human, horse and sheep brain essentially according to Eagle (1935). 

The rate of formation and the yield of thrombin in freshly drawn horse blood were measured 
according to Fantl (1954 a, b). 

Platelets were counted by the method of Feissly & Liidin (1949). | 

The activity of the a- and B-proth lastins was determined in the partial thromboplastin 
test of Langdell, Warner & ‘Beinkhows (1953). Blood samples deficient in a- or 8-prothrombo- 
plastin were taken from patients with a- and B-haemophilia respectively and collected in a 
solution containing 0-104 trisodium citrate and 0-053 citric acid. The plasmas were stored at 
~ 15° C until used. 

One-stage prothrombin tests were carried out: 

(a) with horse or human brain extracts according to Quick (1938); 
(b) with Russell viper venom and brain phospho-lipid similar to that described by Hobson & 
Witts (1941). 

Prothrombin assays were carried out according to Fantl (1954a). 

Prothrombin accelerator activity was determined in Ba-plasma with a prothrombin preparation 
isolated from stored human plasma as described by Fantl & Marr (1956). 

S.P.C.A. was measured with the method of de Vries, Alexander & Goldstein (1949). 

One of the thrombin preparations used was of bovine origin (Parke, Davis, ‘Thrombin Topical’) 
and others were prepared from horse and human euglobulins according to Fantl & Ebbels (1953). 
But in the case of horse plasma only 1-5 vol. oolm citric acid was required for maximum precipita- 

tion of the euglobulins. 

_ The determination of thrombin activity and the relationship between clotting time and thrombin 
units are given by Fantl (1954). Antithrombic activity of serum was measured by the rate of 
disappearance of thrombin. 

Fibrinogen was determined as fibrin N (micro-Kjeldahl) converted by a factor of 5-92 (Fantl & 
Marr, 1956). 


RESULTS 


Thromboplastin generation tests 


The formation of thromboplastin from Ba-plasma and serum obtained from 
both horse and human blood, and phospholipid and calcium ions, was measured 
with the thromboplastin generation test. Results of six independent experi- 
ments are given in Table 1. 

It is apparent that the maximum thromboplastin activity was obtained in 
each case after the same incubation time. Both human and horse thrombo- 
plastin gave similar clotting times with human plasma; however, longer clotting 
times were obtained with the horse plasma substrate. The thromboplastin 
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generation tests were also carried out with modifications of the substrate. 
These included variations of the calcium ion concentration between 0-02 
and 0-03M, dilution of substrate plasma with 0-15m-NaCl solution and with 
defibrinated human or horse plasma, and the use of the euglobulin fraction 
of horse and human plasma. The results, however, were similar to those 
given in Table 1. Horse and human blood components showed the same 
rate of thromboplastin formation, but thromboplastin action appeared to be 
delayed in horse plasma when compared with that of human plasma. 


Taste l. A comparison of thromboplastin formation with human and horse blood components* 


Incubation 3 Shortest clotting time with 
time for maximum substrate plasma of 
thromboplastin A —, 
plasma activity Man Horse 
and serum of — (min) (sec) (sec) _ 
Man  & (3-5) 11 (10-12) 17 (16-19) 
Horse 3-5 (2-5) 12(11-13) 18 (17-20) 


* The figures are average results, variations are given in parentheses. 


Taste 2. The rate of formation and yield of thrombin in dilute horse blood* 


Incubation time for 
- maximum thrombin Shortest clotting 
Composition of reaction mixture (min) (sec) 
Whole blood 0-04 ml. plus: ; : 
0-15m-NaCl 0-1 ml. 24 (21-28) 16-5 (15-18) 
Human Ba-plasma 0-004 ml. - 22 (21-24) 16 (14-19) 
Human stored plasma 0-004 ml. 20 (17-21) 15 (12-18) 
Brain P-lipid 36 ug 9 (7-10) 14 (13-16) 


3 * The figures are average results, variations are given in parentheses. 
Human Ba-plasma was used as the substrate. 


Thrombin formation 1m horse blood 

The rate of formation and yield of thrombin in freshly drawn horse blood 
were determined. Results are given in Table 2. From Table 2 it will be noticed 
that diluted horse blood produced a maximum amount of thrombin in 24 min 
with shortest clotting time of 16-5 sec. The comparative figures for human 
blood are 14-19 min with a clotting time of 15-18 sec. The horse blood there- 
fore showed a delay in maximum thrombin formation. It should be added 
that if horse Ba-plasma is used instead of human Ba-plasma as substrate for 
this test a similar delay in the thrombin clotting time as has been noted 
before (Table 1) is observed. It will be further noticed that the addition to 
dilute horse blood of Ba-plasma as a source of «-prothromboplastin or the 
addition of stored plasma as a source of 8-prothromboplastin did not markedly 
reduce the incubation time, nor influence the thrombin yield. But the addition 
of phospholipids greatly reduced the incubation time required for maximum 
thrombin formation without affecting the thrombin yield. The horse blood 


specimens used for the experiments in Table 2 contained between 60,000 and 
| | 18-2 
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100,000 platelets/mm* blood. From the results given in the two tables it is 
apparent that no deficiency of a plasma factor could be detected. However, the 
platelet counts were on the lower limits of normal, and therefore a delayed 
formation of thrombin was observed which was readily corrected by the 
addition of phospholipids as a substitute for platelets. — 


Tanz 3. A comparison of the a- and £-prothromboplasti activities of human and horse 
plasmas in the partial thromboplastin test 
Clotting time (sec) obtained with 
Source of 0-0040 ml. | 0-0010 ml. | 

a-Prothromboplastin : 

Horse plasma 140-170 190-270 

Human plasma 150-200 190-260 
‘B-Prothromboplastin: 

Horse plasma 120-190 160-220 

Human plasma 100-180 220-240 


TaBLE 4, One-stage prothrombin tests 
Clotting time (sec) with 


Russell 
| viper 
Composition of Horse Human venom + 
reaction mixture (ml.) brain brain P-lipids . 
Horse plasma* 0:1 17(12-19) 22 
Human plasma 0-1 38 : 16 (12-18) 16 
Horse plasma 0-08 : 
“chores serum 15 20 17. 
uman plasma 0-08 7 7 
4 horse serum 17 18 17 
_.+human serum 0-02 18 17 
Human plasma 0-08 
+human serum naa $2 15 17 


* All plasma and serum oxalated. 


The «- and B-prothromboplastin activities of horse plasma 

The activity of «- and of 8-prothromboplastin in plasma was determined by 
the correction of the deficiency of human plasma taken from patients with 
a complete deficiency in one or other of the two components. The results 
obtained with five different specimens are given in Table 3. From Table 3 it is 
apparent that the plasma of the investigated horses showed similar activity of 
both thromboplastin precursors to that of normal human plasma. These 
results confirm the normal thromboplastin generation in horse blood. 


Prothrombin and prothrombin conversion factors 
One-stage prothrombin tests were carried out on oxalated horse plasma with 
the use of homologous and human brain extract, and also with Russell viper 
venom and phospholipid (Table 4). It can be seen that the homologous brain 
extract gave shorter clotting times than did heterologous extract. But Russell 
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viper venom gave identical clotting times with both plasmas. It will be noticed 
that the addition of serum, homologous to the brain, gave a shorter clotting 
time than was obtained with heterologous combinations. One-stage results 
give no quantitative information of the components of the prothrombin 
complex. Prothrombin assays were therefore carried out in diluted horse 
plasma, and the results are given in Table 5. 

The prothrombin activity of horse plasma is in the same range as has been — 
observed for human plasma (Fantl, 1954a). Similar results were obtained with 
either human or horse brain extract. It should be pointed out again that 
longer clotting times were noticed when horse Ba-plasma was used instead of 


TaBLE 5. Prothrombin assays of horse plasma* 
Incubation time Shortest Prothrombin 


for maximum clotting (u./ml. oxalated 
thrombin yield (min) time (sec) 
2 (1-3) 17 (14-205) 510 (380-660) 


* Means, range in brackets. Human Ba-plasma was used to measure thrombin. 
- Taste 6. The 8.P.C.A. activity of horse serum 


horas of ion mixture: 
0-005 ml., horse Ba-plasma 
0-045 ml., plus Clotting 
r time 
(ml.) (sec) 
0-15m-NaCl 0-05 33 
Horse serum 0-05 — 15 
Horse serum 17-5 
+0-15m-NaCl 0-04 
Horse serum 0-005 20 
+0:15m-NaCl 0-045 


human Ba-plasma as a source of fibrinogen for the testing of thrombin. It will 
be noted that the maximum yield of thrombin was obtained in horse plasma 
in 1-3 min, whereas it takes 4-5 min for maximum thrombin formation to 
occur in normal human plasma. This probably indicates a higher activity of 
prothrombin conversion factors in horse plasma. 

For the determination of prothrombin accelerator activity a prothrombin. 
preparation isolated from stored human plasma was used, which in the assay 
procedure gave, after 13 min incubation, 116 u. thrombin/ml. The addition of 
0-001 ml. human Ba-plasma or 0-0005 ml. horse Ba-plasma resulted in a yield 
of 660 u. thrombin/ml. after 7 min incubation. From this experiment it appears 
that the prothrombin accelerator activity of horse plasma was at least twice 
that of human plasma. } 

The method of de Vries et al. (1949) was used to measure the effect of horse 
serum on shortening the one-stage prothrombin time (Table 6). From the 
results in Table 6 it is apparent that horse serum has a shortening effect on the 
one-stage prothrombin clotting time, which is of the same order as that 
observed with human serum in an homologous system. 
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The thrombin-fibrinogen reaction in horse plasma 
Varying concentrations of thrombin preparations of horse, human and 
bovine origin were tested on oxalated horse and human plasmas (Fig. 1). The 
results indicate that, independent of the source of thrombin, oxalated human 
plasma gave shorter clotting times than oxalated horse plasma. In order to 
produce the same clotting time horse plasma requires 3-5 times more thrombin 
than does human plasma. 
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Clotting time of human plasma (sec) 


Fig. 1. Clotting times of oxalated human and horse plasmas with mammalian thrombins. 
Reaction mixtures consisted of: 0-2 ml. oxalated human or horse plasma, 0-1 ml. veronal 
buffer pH 7-2, and 0-05 ml. of dilutions of human, horse, or bovine thrombin preparations in 
veronal buffer. Temperature 28° 0. 


Other factors being constant, thrombin clotting times are dependent upon 
fibrinogen concentration. Therefore the thrombin clotting times of horse and 
human plasma as well as a euglobulin fraction isolated from horse plasma were 
measured. The influence of fibrinogen concentration is shown in Fig. 2. 

It is apparent that horse plasma gave a longer clotting time than did human 
plasma with the same fibrinogen and thrombin concentrations. When the 
fibrinogen concentration was above 0-2 mg/l. reaction mixture (100 mg/100 ml. 
plasma) its variation caused little change in clotting time. Lowering the con- 
centration below this level markedly prolonged clotting time. The fibrinogen 
concentration of oxalated horse plasma varied between 200 and 350 mg/100 ml. 
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The prolonged thrombin clotting time of horse plasma must be due therefore 

to causes other than fibrinogen concentration. It will be noted that the 

euglobulin fraction isolated from horse plasma showed seni clotting times 
than the original plasma. 


Clotting time (sec) 
| 


0 0-2 0-4 0-6 0-8 
Fibrinogen concentration (mg/ml. reaction mixture) 


Fig. 2. Influence of fibrinogen concentration on thrombin clotting times. Reaction mixtures 
consisted of: 0-2 ml. substrate in 0-15m-NaCl, 0-1 ml. veronal buffer pH 7-2, and 0-05 ml. 
horse thrombin. Temperature 28° C. Substrates were oxalated: horse plasma (A— A); horse 
plasma euglobulin (™i—m™); and oxalated human plasma (@—@). 


In order to find whether the longer thrombin clotting time of horse plasma 
was due to increased antithrombic activity, a human thrombin preparation 
was incubated with human and with horse serum and the residual activities 
were determined at intervals (Fig. 3). After 1 min incubation time no dif- 
ference between the two sera was observed, but after 7 min the horse serum 
had a greater antithrombic activity than the human serum. It would appear 
that the antithrombic activity cannot be the cause of the prolonged thrombin 
clotting times of horse plasma (Figs. 1 and 2), which were all shorter than | min. 

The thrombin clotting times of horse and human plasma were unaltered by 
treatment with a barium sulphate suspension. This excludes the presence of 
heparin, which is removed by barium sulphate (Nilsson & Wenckert, 1954). 
Further, the addition of an equal volume of defibrinated horse plasma to 
_ human plasma was without significant effect on the thrombin clotting time. 
Therefore horse defibrinated plasma does ‘not contain an inhibitor of clotting. 
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It is possible that the prolonged thrombin clotting time is characteristic of 
horse fibrinogen. A number of substances, including phenols, shorten the 
thrombin clotting time (Gerber & Blanchard, 1945). This phenomenon is 
partly due to the influence of phenols on the surface structure of fibrinogen 
(Fantl & Ebbels, 1953). Therefore the effect of catechol on horse and human 
plasma and their isolated euglobulin fractions was determined (Table 7). 


166 
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Thrombin (units) 


0 2 4 6 8 


Incubation time (min) 
Fig. 3. Antithrombic activity of human and horse serum. Reaction mixtures consisted of (ml.) 
serum 0-4; veronal buffer pH 7-2, 0-8; human thrombin, 0-4, 0-2 ml. portions were added to 
0-4 ml. oxalated human plasma. Temperature 28°C. Mixtures contained either human 
serum (@—®@) or horse serum 


TaBLE 7. The influence of catechol on the apparent thrombin activity 


thrombin activity 
Substrate (u.) 

Horse plasma 0-27 (0-1-0-6) 

Horse plasma + catechol 7 1-15 (0-2-2-1) 

Human plasma 1-18 (1+1-1-7) 

Human plasma + catechol 2-71 (1-6-4-0) 

Horse euglobulin - 

Horse euglobulin + catechol 1-6 

Human euglobulin 1-5 

Human euglobulin + catechol 3-0 


Composition of the reaction mixture the same as that used in Figs. 1 and 2. The catechol con- 
concentration was 0-045m in the reaction mixture. The figures are average results, variations are 
given in parentheses. : 
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It is apparent that catechol accelerated the thrombin-fibrinogen reaction in 
both horse and human plasmas and euglobulin fractions. In the presence of 
catechol the reactivity of horse fibrinogen towards thrombin was, however, 
still less than that of human fibrinogen. 


DISCUSSION 


These experiments show that all the recognized clotting factors in human 
blood are active in that of the horse. However, marked quantitative dif- 
ferences between the two species are apparent. Thromboplastin generation 
tests with horse blood components indicated a low activity of the thrombo- 
plastin when tested with horse plasma, but an activity equal to that of human 
blood when tested on human plasma. This indicates that thromboplastin 
formation in horse blood proceeds at a similar rate to that in human blood but 
that subsequent reactions in horse blood are delayed. 

Further, the rate of thrombin formation in horse blood was slower than in 
_ human blood. This may have been due to inadequate numbers of platelets and 
also to the fact that horse platelets showed less tendency to liberate phospho- 
lipids during clotting, since very rapid clotting could be induced by the 
addition of brain phospholipids. With regard to plasma factors required for 
blood clotting it is evident that «- and B-prothromboplastin and 8.P.C.A. of 
horse plasma had similar activity to those of human plasma. 
In order to get maximum activity in a one-stage prothrombin test it was 
essential to use homologous brain extract. This is in agreement with the rule 
that brain thromboplastins show some degree of species specificity in con- 
version of prothrombin. The addition of serum homologous to the brain 
abolished species specificity. This is in accord with observations made by 
Burstein (1950) and by Mann & Hurn (1952). Prothrombin assays carried out 
with horse plasma gave results within the same range as found for human 
plasma. The high activity of prothrombin accelerator in horse plasma is in 
agreement with findings of Soulier & Larrieu (1953) and of Bell, Archer & 
Tomlin (1955). 
_ The prolonged thrombin clotting time of horse plasma when compared with 

that of human plasma is not unique. Guinea-pig, rat, and marsupial plasma 
also show lengthened thrombin clotting time (Fantl & Ebbels, 1953; Fantl & 
Ward, 1957). Evidence given in this paper supports the previous assumption 
that thrombin isolated from mammalian blood acts according to potency 
independent of source. It is therefore possible that the differences in the rates 
cf conversion of the fibrinogens into fibrin are due to differences in the 
structure of the native fibrinogens. The change in horse fibrinogen produced by 
catechol did not completely abolish the delay in the formation of fibrin. The 
different isoelectric points and solubility of human and horse fibrinogen 
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(Astrup & Darling, 1942) also support the assumption of structural differences 
in the native fibrinogens. 

It is noteworthy that human fibrinogen has given the shortest thrombin 
clotting time of all mammals investigated so far. The comparatively long 
thrombin clotting time is the main reason for an apparent reduced coagula- 
bility of horse plasma. 

It may be mentioned that the coagulation time of horse blood was 13-19 min. 
Using the same technique human blood clots in 14-19 min. Horse blood had 
a higher sedimentation rate than human blood as noted by Hammersland, 
Herrin & Haynes (1938), so that gelling of horse plasma occurred usually after 
the cells had settled. Nevertheless, clot retraction occurred in all instances. 

Although the results of some of the tests suggest that the coagulability of 
normal horse blood is less than that of normal human blood, it should be 
pointed out that coagulation forms only part of the haemostatic process and 
that there is no evidence that this is impaired in horses. 7 


SUMMARY 


1. Thromboplastin formation from plasma and serum components takes 
place at the same rate in human and horse blood. 

2. «-Prothromboplastin (antihaemophilic factor) and B-prothromboplastin 
(P.T.C., Christmas factor) and prothrombin of horse plasma have similar 
activities to those of human plasma. 

3. Horse as well as human brain extracts: hoe some degree of species 
specificity in one-stage prothrombin tests. 

4, Prothrombin accelerator (proaccelerin) of horse plasma is more active 
than that of human plasma. 

5. §.P.C.A. (factor VII) in horse setum is as active as that of human serum 
when acting in homologous systems. 

6. Thrombins isolated from mammalian plasmas give shorter clotting times 
with human than with horse plasma. 
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City Council and the Commonwealth Serum Laboratories, Melbourne. Part of the expenses of this 
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The maintenance of differences in electrolyte composition between intracellular 
and extracellular fluids in kidney slices (predominantly tubular cells) is a 
process which requires the expenditure of metabolic energy (see review by 
Davies, 1954). Whittam & Davies (1954) have shown that the rates of uptake 
of Na and *K were very much greater at 37 than at 0° C, as would be 
expected if the transport process was associated with a biochemical reaction 
rather than a physical process such as simple diffusion through a permeable 
- membrane, on which the effect of temperature would be smaller. 

It has been previously suggested (Cort & Kleinzeller, 1956, 1957; Kleinzeller 
& Cort, 1957 a, b) that only Na is actively transported out of renal tubular cells 
(at the basal membrane), while K appears to behave more passively according 
to gradients of concentration and electrical potential across the cell membrane. 
An attempt has been made to examine this question further by observation 
of the effect of three different temperatures (15, 25 and 30° C) on the two fluxes 
of greatest physiological interest, the efflux of Na (M;, x.) and the accumula- 
tion of K (Mj, ,) during incubation of kidney cortex slices, (In this paper the 
symbol M represents amount transported, whereas M’ represents the amount 
transported in unit time.) Change of temperature may be expected to influence 
the rate of transport at the cell membrane in a complex manner since perme- 
ability, active transport and potential gradient (®) will probably all be affected. 
® cannot be independently varied in tissue slices, and has not been measured 
here. In order to minimize the effect of AT on ® a kinetic, rather than a steady- 
state, approach has been adopted, the rate of transport being extrapolated to 
zero time by means of tangents to the curves of quantity transported versus 
time at the three temperatures involved. Since all the slices at the start of 
incubation are in approximately the same metabolic state and the same ionic — 
environment, variation of ® with A7' should be at a minimum with a zero 
time approximation. 
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METHODS 


In order to have sufficient slices from a single animal for each set of temperature curves (about 
200 slices are required for simultaneous measurement of M, ,, and M, , at three temperatures 
on a six-point curve) dog kidneys were used. Five healthy adult mongrel dogs of either sex, body 
wt. about 10 kg, were killed by intravenous injection of about 100 ml. of air. Both kidneys were 
removed through a mid-abdominal incision as soon as consciousness was lost, i.e. incision was made 
within 5-10 sec, the kidneys were cut into quadrants, and placed immediately in dishes at 0° C 
for slicing. 

For measurement of M, x, the slices (each of about 30 mg wet wt.) were leached for 2 hr in 
0-154 m-*“NaCl, specific activity about 40 yc/ml., in order to achieve a high level of radioactive 
Na in cells. After leaching, the slices were washed thoroughly in non-radioactive 0-154 m-NaCl 
for about 30 sec to remove adherent activity, and then stored for a few minutes without medium 
in a moist atmosphere, still at 0° C, until placed in pre-warmed flasks with incubating medium 
(Krebs’s Ri -phosphate solution, buffered at pH 7-4, 3 ml./100-150 mg of slices) in a Dubnoff 
shaker. All media contained 0-005 m a-ketoglutarate as substrate. 

For measurement of M; , slices were leached in non-radioactive 0-154 m-NaCl for 2 hr, and 
incubated in 3 ml. of buffered (pH 7-4) Krebs’s Ringer-phosphate medium, containing “*K at about _ 
1-2 ye/ml. 

The isotopes were delivered in solid form as NaCl and KCl, and were purified by passing the — 
prepared solutions through an ion-exchange column, using Dowex-50. The column for “Na 
purification was pre-charged with Na to remove any K contamination, and that for “*K purification 
pre-charged with K to remove any Na contamination. 

In order to maintain rigid timing of short intervals, flasks with medium were pre-warmed in 
the incubator, and the slices added to the shaking flasks, On removal from incubation, the 
contents of the flask were immediately poured through small glass funnels. Inserted into the stem 
of the latter were small glass rods, each with a hooked spiral at the upper end, so that the slices 
were caught on the spirals, and the medium immediately drained off below. 

Since the presence of a considerable amount of *4Na in the extracellular compartment of the 
slices after washing would have to be corrected for in calculating fluxes at zero time (t)), the 
following control experiment was carried out to estimate both the efficiency of washing and the 
rate of passive diffusion of labelled Na out of cells. Slices were leached in 0-154 m-**NaCl at 0° C 
for 2 hr and washed for 30 sec in 0-154 m-NaCl at 0° C. They were then prepared for incubation 
in the same manner, but ‘incubation’ was carried out at 0° C in 3 ml. Krebs’s Ringer-phosphate 
medium (pH 7-4). Further details were as described above. 

Activity in the medium was measured in 0-1 ml. samples pipetted into plastic dishes of poly- 
vinylchloride (so as to eliminate a correction factor due to reflexion of beta particles, necessary 
when metallic dishes are used) and quickly dried with an infra-red lamp (to eliminate a correction 
for self-absorption in the sample). These values were multiplied by a factor of 30 to calculate total 
activity in 3 ml. of medium. Tissue samples were weighed on a torsion balance, placed in 0-1 ml. 
16 x-HNO, and heated for 5 min in a boiling water-bath, by which time they had dissolved. The 
samples were neutralized with conc, NH, and diluted to 3 ml., 0-1 ml. of which was used for 
measurement as above. Activities were corrected for background, decay and resolving time of 
the instrument, the ratio of measured counts to background counts being always greater than 10. 
Correction was also made for source geometry (see Cort & Kleinzeller, 1956) so that absolute values 
could be obtained (an end-window G.-M. tube was used) with further correction being made for 
air and mica absorption of the beta and gamma energy levels arising from disintegration of *Na 
and ““K (data from standard tables). These activities were divided by the dry weight (mg) of tissue 
in the respective samples x 10° (for conversion to activities per 100 g dry solids). When tissue 
activity was measured, parallel tissue samples were dried to determine relative water content, this 
value then being used to calculate the dry weight of tissue samples used for measurement of 
activity, where only a wet weight was directly determined. Total amount of transported cation 
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in a given time interval (in m-moles transported/100g dry solids) was then calculated as 
follows: 
corrected total counts in medium at t, 
“Mo, waite =~ corrected total counts in tissue at 
where Na;yy=m-moles of “Na +**Na/100 g dry solids (DS) in the intracellular compartment only. 
corrected total counts in tissue at ¢, of a 
Kite to tz) Corrected total counts in medium at t, 


where K,,., =total “K +%K/100 g DS. 


100 % 


ECF Na fraction 


030 1 3 6 
Time (min) 

Fig. 1. Diffusion of “Na out of tissue slices into Krebs’s Ringer-phosphate medium during contro 
‘incubation’ at 0° C (after 2 hr in 0-154 m-**NaCl at 0° C and subsequent washing in 0-154 m- 
NaCl at 0°C). Ordinate, activity of medium as % of total tissue activity at the start of 
‘incubation’; abscissa, J =initial period before leaching; the period /-4,=2 hr; the marks in 
the J-t, portion of the graph indicate the changes in percentage extracellular fraction of Na 
during leaching. 


Tissue electrolytes were estimated by flame photometry, as described by Cort & Kleinzeller | 
_ (1956). Correction for the intracellular partition of total tissue Na was calculated on the basis of 
the data of Conway, Geoghegan & McCormack (1955) and Whittam (1956) that 25 % of tissue water 
is  exteacefiuler before both and after leaching at 0° C, as follows: 


where Na,,.; = total tissue Na in m-moles/100 g DS, [Na],,.4.=concentration of Nain the medium 
in m-moles/l., and W,..=total tissue water in ml./100 g DS (calculated from wet and dry wt., 
Cort & Kleinzeller, 1956). Average percentage values of extracellular tissue Na calculated on this 
basis are shown in Fig. 1. 


RESULTS 


Fig. 1 shows the rate of appearance of “Na in the medium during a control 

‘incubation’ carried out at 0° C (inhibition of active transport) under otherwise 
identical leaching conditions as with slices incubated at higher temperatures. 
Time intervals in. this case were 30 sec, 1, 3 and 6 min of shaking after leaching. 
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Activity is expressed as a percentage of the average tissue activity (counts/ 
min/100 g DS) after leaching in “NaCl and washing in NaCl, but before 
‘incubation’ at 0° C. This tissue level was set at 100%. The curve appears to 
be exponential, and on extrapolation to t), yields a value of the order of 4 % 
of total tissue activity. It has been assumed that this initial value at t, 
represents the residual extracellular “Na left in the slices after washing. The 
average percentage of total slice Na present in the extracellular compartment 
before and after leaching is indicated in the same figure (42 and 18 %, re- 
spectively). The inherent error of the entire calculation is certainly greater 
than 4%, so that the correction factor for residual “Na in the extracellular 
compartment may be neglected. 

For incubation at higher temperatures, typical curves of M,, ,, and M,,,, 
expressed as m-moles/100 g DS versus time of incubation, are presented in 
Figs. 2 and 3, respectively. Samples were withdrawn for analysis at 30 sec, 
1, 2, 4, 8 and 15 min for the three temperatures used, and tangents were drawn 
to approximate maximum transport rate at f). The differences between the 
two sets of curves show (1) a shift of the entire family of M,, ,, curves up from 
the M,, x curves, indicating that M,, ., starts off at a far higher rate than M,, , 
at any of the temperatures used ; and (2) that the differences between individual 
temperature curves for the two cations show that the same AT has a greater 
effect on M, xq than on M; ¢. Qo as-25¢c) has been calculated for the 
tangents drawn, and the following average values were obtained: 


Qiocas-as 
M K 1-32 
Qo, 3-01 


After the third minute of incubation, Qo, Mx approaches the values 
obtained for y, 224 Qo, 0, fall within the usual range 


(2-3) for biochemical reactions. 19,7 , is significantly below this range 
in the first minutes of incubation. 

The ratio of moles of Na cations extruded per mole of oxygen atoms utilized 
has been caleulated both for maximum transport rates at t) and at t,.;, when 
the slices are approaching a steady state. The average ratio at maximum 
transport rates was 33:1 at 25° C, approaching 50:1 at 15° C. When the curve 
of reaction rate flattens out after the third minute of incubation, the average 
ratio at tg nin Was 3°8: 1. 

The combined average data for M’,. x, Mj, and Qo, have been set down on 
an Arrhenius plot of 7-1 versus the natural logarithm (1n) of the reaction rate, 
as shown in Fig. 4. All the points plotted lay on straight lines, the steepest 
slope belonging to Qo, , the next steepest to My na and the shallowest to M; x. 
There was also a significant separation of the two cation transport curves. 
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On the assumption that Na and K transport can be treated as biochemical 
reactions, the usual thermodynamic formulae have been applied to these data, 


as follows: 
dink 
= +RT Rd, 
where R is the gas constant, & is the reaction rate constant, H,,, the activa- 
tion energy of the ‘active complex’ of Na (or ? K) with a carrier molecule (this 


125°C /15°C M,, Na Cc 
} 


~ 


T 


| 


! 


Transport (m-moles/100g DS) 


0301 2 4 : 8 3 oe 
Time of incubation (min) 
Fig. 2. Extrusion of Na from kidney cortex slices at 15, 25 and 30°C. Ordinate, transport 
(m-moles/100 g dry solids); abscissa, time of incubation. 3 
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Fig. 3. Accumulation of K by kidney cortex slices at 15, 25 and 30° C. Other conditions as Fig. 2. 
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complex accomplishing the actual transport process), AH* =the enthalpy 
change of active complex formation, 7 =absolute temperature, and ¢ is the 
slope of the line on the Arrhenius plot, dln k/d(7-1). Since all slices had 
statistically the same content of Na and K at the beginning of incubation, 


25 - 


= 


in M*(m-moles/100 g DS/min) - 
In Qo, (ul. On/mg wet tissue) 


° 


L 


3-3 35 
Fig. 4. Arrhenius plot of natural logarithm of rate of transport versus the reciprocal of tem- 
we perature. Na extrusion, K accumulation and 0, utilization by kidney cortex slices incubated 
at 15, 25 and 30° C, | : 


regardless of incubation temperature, the reaction velocity constants (Kk in the 
Arrhenius equation) may be replaced by the observed fluxes M, x, and M; ,, 


respectively. The results of the calculations of average activation energies for 


| 12-6 keal/mole 
M 4 K kcal/ mole 


while the order of magnitude for AH* is 600 kcal for The E,.¢.for we 
falls within the usual limits of 10-20 kcal/mole for a biochemical reaction, — 
while the value for Mj is significantly below this. 


DISCUSSION 


A question as to the identity of the real fluxes, M, x, and Mj, ,, with the » 

measured changes may be raised, owing to the complication of the presence of — 

extracellular fluid in the slices, amounting to some 25% of total slice water. 

In other words, how much of the measured changes are due to pure diffusion 

of isotope in the extracellular space of the slice? Although kidney tissue im vivo 
14 | PHYSIO, CXLII 
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has three fluid compartments— intracellular fluid, interstitial and intravascular 
fluid, and intratubular fluid—under conditions of tissue slice experiments there 
are only two compartments, intracellular and extracellular fluid. Since the 
long axis of the tubules lies at right angles to the long axis of the slice, 
and the length of the tubules is considerably greater than the average thick- 
ness of a tissue slice (0-4 mm) it may be assumed that all tubules open 
into the medium and come into rapid equilibrium with it. The data in Fig. 1 
allow extrapolation of the curve of the control ‘incubation’ to ¢,, indicating 
that the relative quantity of extracellular “Na present which might. interfere 
with the calculation of maximal initial transport rates amounted to some 
4°% of total slice activity. Since this is at least of the order of magnitude of 
the error of the entire flux calculation, it can be neglected. The fact that the 
calculated Q,, and E,., figures came out in the usual range for a biochemical 
reaction supports this contention. The curve in Fig. 1 represents the rate of 
diffusion of Na out of cells through the extracellular compartment into the 
medium at 0° C, while the extrapolated ¢, value represents the amount of “Na 
still left in the extracellular compartment after washing. In the case of the 
measurement of M, , the presence of extracellular labelled K cannot have 
produced any serious quantitative error, since only some 1% of total tissue K 
is actually present in the extracellular compartment at any given time. Both 
measurements have therefore been taken to represent a reasonable approxi- 
mation to the actual fluxes indicated, within our given experimental error. _ 

For further discussion of the results, it will be convenient to set up a model 
reaction for at least Na extrusion from renal tubular cells: 


ICF MEMBRANE ® ECF 
Nat Nat ->Nat ~X- >Nat 
En. 


where X~ is an anionic component of the membrane (presumably lipoid in — 
nature) capable of specifically binding Na+, ICF refers to intracellular fluid, 
ECF to extracellular fluid, and En. refers to a thus far unspecified source of 
metabolic energy. The steps of the process are labelled 1 to 3. According to 
such a model there are at least two ‘chemical’ (1 and 3) and three thermo- 
dynamic (1 to 3) processes directly involved only in the outward movement of 
Na across the cell membrane. Such a model represents the simplest possible 
set of phenomena to explain movement against an electrochemical gradient. — 
The nature of the Na-carrier bond is immaterial to the discussion. It is the 
purpose of this discussion, therefore, to consider with what validity we may _ 
treat Na extrusion as a series of biochemical reactions, and whether K accu- 
mulation in cells can be similarly treated asa separate biochemical process per se. 
The derived values for both 1’ and for Na extrusion lie 
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within the accepted range for biochemical reactions. It must be stressed that 
these values apply to the series of processes 1 to 3 in the above diagram, or, 
perhaps better stated, to the rate-limiting process of this series. M, , is more 
complex, however. The fact that neither nor lie within an 


acceptable range for a biochemical reaction makes it doubtful that this process 
can be considered as such. K is certainly not bound to the Na ‘carrier’ in the 
manner envisaged for the red blood cell by Maizels (1954) and Glynn (1956), 
since the reciprocal fluxes of these two cations are not equal, and leaching 
results in a rise in the sum of Na + K in renal tubular cells, this level returning 
towards normal on 30 min of incubation (Whittam & Davies, 1954, Cort & 
Kleinzeller, 1956). This inequality of reciprocal flux is true for the entire period 
of incubation up to 30-40 min, when a steady state occurs. It would appear 
that the two main arguments for a direct carrier-linked reciprocal transport of 
Na and K across the red cell membrane, i.e. stoichiometrically equal quantities 
of reciprocal transport and an absence of Na extrusion when there is no K 
present in the medium, are not conclusive. A lack of Na extrusion in the 
absence of K in the medium is also true for kidney cortex slices (Cort & Klein- 
 zeller, 1956), but this can also be explained by an indirect interaction of two 
different mechanisms for the two cations, i.e. by changes in potential gradient 
across the membrane, and the differences between red blood cell and renal 
tubular cell transport may be due to differences in movement of other charged 
particles (anions) across the membrane. 

While an active process for M, , is not consistent with these data, it cannot 
be stated whether K accumulation is a simple diffusion process. In an ideal 
diffusing system, Q,, would be expected to lie between 1-01 and 1-02. But in 
a biological system, a rise in 7 of 10° C will produce a fall in viscosity of up | 
to 20%, so that a Q,, of 1:32, as determined for M; ,, might be explained as 
the effect of A7’ on a pure diffusion process were sufficient data available. On 
the other hand, since M, y, is greater initially than M, ,, it might be expected 
that ® (the electrical potential difference) would increase with temperature, 
and this might play a role in increasing the values of K accumulation above 
those predicted on the basis of diffusion alone. It is interesting in this regard 
that Teorell (1953) gives a range of values of 2-5 kcal/mole for the activation 
energies of particles being passively transported across ionic membranes by 
‘exchange diffusion’, the measured F,., for Mj , falling within this range. 
It is suggested, therefore, that K accumulation (as well as K loss) in renal 
tubular cells is a process which follows electrochemical gradients alone. 

Na extrusion is a process which, if we limit our consideration to the above 
processes 1 to 3 alone, decreases entropy. The entropy of theentire system would, 
_ of course, be increasing owing to the utilization of metabolicenergy for transport. 

It is most probable that a lipoprotein cell membrane has a fairly high charge 
density, and that some element of ‘ion exchange’ will occur at the oT 
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surface. But although a ‘cation exchange’ mechanism has been proposed to 
explain Na reabsorption 1 in the renal tubules (Na supposedly ‘exchanges’ for 
K or H moving in the opposite direction, so that Mj y,=M>,~+Mo, xn at the 
tubular membrane of the tubular cell) and has been vigorously supported by 
Pitts (1952), Berliner, Kennedy & Orloff (1951), Black & Emery (1957) and 
many others, it is very difficult to see how such a mechanism could transport 
Na against an electrochemical gradient, or how it could explain the above 
thermodynamic data, or the lack of specificity of K accumulation (Cort & 
Kleinzeller, 1957; Kleinzeller & Cort, 19576). The ‘exchange diffusion’ theory 
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Fig. 5. Suggested scheme for Na and K transport by the renal tubular cell. A solid arrow indicates _ 
active transport, a dotted arrow indicates passive transport, and a dot-dash arrow indicates 
the possible direction of net transport across the renal tubular cell. Mitochondria are included 
__ to indicate the basal membrane of the cell, as opposed to the tubular membrane. All arrows 
are meant to have a vector connotation, i.e. length of arrow indicates the relative magnitude 

of the process, 


of Teorell (1953) can iciloie a limited degree of passive transport against a 
slight concentration gradient, but not of the order found in the renal tubular — 
cell. It would-seem far more likely to attribute different basic mechanisms for 
the reciprocal movement of the two cations, interrelated only by Coulomb and 
osmotic changes in the cell. Since M, ., appears to be the only clearly active — 
process of the four possibilities M, y,,M; no, Mo.x, My. x, and as far as is 

known from whole-animal work Na is only reabsorbed to a greater or lesser 
extent (there is no evidence for secretion) it would appear logical to assign this — 
active process to the basal membrane of the tubular cell, as depicted in Fig. 5. 
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The arguments of Ling (summarized, 1956) and Troshin (1956) against active 
transport of Na would appear to have some validity only for a non-secreting 
tissue such as muscle, but would not be able to explain the far greater level 
of Na flux through a secreting cell such as the renal tubular cell. 

The molar ratio of Na ions transported to oxygen utilized has been measured 
at near steady-rate conditions in muscle by Conway (1954) and in kidney by 
Davies (see review, 1954). Both have found values near to 4, which Conway 
takes as support for his redox theory of Na pumping. Similar figures have also 
been attained here for near steady-state conditions, i.e. after the third minute 
of incubation after leaching, but at maximum transport conditions (t,) this 
ratio is of the order of 33:1 at 25° C, with a higher ratio at lower temperatures. 
Even greater ratios at low temperatures have been found for Na transport in 
frog skin (Snell & Leeman, 1957). Until it can be shown, therefore, that there 
is more than one mechanism for Na extrusion by the renal tubular cell, it is 
unlikely that this process is directly related to O, utilization. It would appear 
that in the initial minutes of incubation there is a stored source of energy for 
Na extrusion, the rate at which this can be utilized after the third minute of 
incubation then being dependent on Q, utilization. An alternative explanation 
is the possibility that more than one mole of Na is transported per one mole of 
high-energy bonds. Such a possibility has to be considered in view of the 
observation by Whittam & Davies (see Davies, 1954) that in mitochondria 
from kidney cortex the Na: 0, ratio is of the order of 104. 


SUMMARY 


1. The rates of *Na extrusion from cells and uptake of “*K have been 
measured in dog kidney cortex slices at short time intervals after a period of 
leaching. Incubation was carried out at 15, 25 and 30° C. 

2. A zero time approximation was made by drawing tangents to the curves 
of transport versus time, to obtain an estimation of maximum transport rates. 

3. Q19'8 were calculated, and the data set down on an Arrhenius plot of 
natural logarithm of transport versus the reciprocal of temperature, in order 
to calculate activation energies and enthalpy changes, on the — that 
such transport can be treated as a biochemical reaction. 

4. The data for maximum rates of Na transport come within the seated 
range for a biochemical reaction, the data for maximum rates of K accumu- 
lation do not. 

5. On incubation after leaching, renal tubular cells extends Na at a faster 
rate than they accumulate K, and Na transport is more affected by A7’ than 
K transport. This applies for the first few minutes of incubation. 

6. The ratio of moles of Na transported to moles of QO, utilized at maximum 
reaction rates can be as high as from 33 to 50:1, this ratio falling to the region 

of 4:1 only after the third minute of incubation. 
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7. It has been argued from these results that: 


(a) a ‘cation exchange’ mechanism, proposed for the reabsorption of Na in the 
renal tubules, cannot explain transport against existing electrochemical 
gradients or the thermodynamic data presented above; 

(b) Na is actively extruded from renal tubular cells by a series of biochemical 
reactions not directly or ‘carrier’ linked to K transport; 

(c) it would appear most logical to assign this transport of Na to the basal 
membrane of the tubular cell, since there exists no evidence for Na secre- 
tion into the urine; _ 

(d) K transport across the tubular cell membranes follows concentration and 
electrochemical gradients alone; and 

(e) the energy source for Na extrusion from tubular cells 1 is not directly related 
to oxygen utilization. 


The authors would like to thank J. Kvasnitkova and D. Rosické for invaluable technical 
assistance. 
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The vasodilatation in the skin of the human forearm produced by indirect 
heating is not due to the release of vasoconstrictor tone but is the result of an 
active vasodilator mechanism (Grant & Holling, 1938; Edholm, Fox & 
Macpherson, 1956a; Roddie, Shepherd & Whelan, 1956). This active vaso- 
dilatation might be caused through the excitation of specific vasodilator nerve 
fibres or by the action of vasodilator substances released from the activated 
sweat glands. Ina discussion with Dr 0. G. Edholm, concerning the mechanism 
involved, the question was raised whether the polypeptide bradykinin might 
be produced by the sweat glands and play a similar role in the causation of 
the cutaneous vasodilatation to that found with the vasodilatation of the 
activated salivary gland (Hilton & Lewis, 19552, b). The present experiments 
were initiated as a result of this discussion. They show that the vasodilatation 
which occurs in the human forearm on indirect heating has several features in 
common with the vasodilatation in the activated salivary gland, and further 
that sweat gland activity leads to the appearance of the bradykinin-forming 
enzyme in the sweat and to the formation of en itself in the skin of 
the human forearm. 
METHODS 
Collection of sweat during indirect heating 


temperature of the bath water could be regulated as desired. An inflated immersion suit covering 
the trunk, head and upper arms reduced the heat loss from the non-immersed parts of the body 
and polythene bags were fixed over both forearms. The subject was heated, by raising the bath 
temperature, until his oral temperature was about 38° C. The bags were drained as completely 
as possible at intervals over a period of 1} hr. The samples of sweat so obtained were cooled 
immediately after collection to about 0° C and kept at —4° C until tested for bradykinin-forming 
activity, 


Occlusion of sweat gland ducts 
In some experiments the effects of occlusion of the sweat gland ducts on the vasodilator and 
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(Harwoods Laboratories) which was used for this purpose was painted on one forearm in longi- 
tudinal strips, leaving unpainted skin between in order to permit the forearm to swell during 
heating. The subject was seated in a bath, as in the experiments for collection of sweat, and the 
blood flow before and after heating was measured simultaneously in the two arms, using the 
experimental procedure described by Edholm, Fox & Macpherson (19565). 
Perfusion of subcutaneous tissue space 

To study the formation of bradykinin in human forearm skin, the following procedure was 
adopted. Holes were drilled along the shaft of two hypodermic needles (20 s.w.g. x 1:25 cm) to 
enable fluid to pass in or out along their whole length. One of the needles was pushed carefully 
into the subcutaneous tissue space on the anterior aspect of the forearm; the second was inserted, 
from the opposite direction, at a distance of 1-5-2 cm from the first and parallel to it. A small 
subcutaneous depot of fluid was then produced by injecting 1 ml. of sterile saline solution through 
each needle. Subsequently, sterile saline was infused at a constant rate (0-4 ml./min) through 


Automatic 
kneader 


Withdrawal 
tube 


Fig. 1. Diagram showing sites of perfusion of subcutaneous space and measurement of heat flow, 
skin temperature ( x ) and skin resistance (4). Automatic kneader shown in cross-section. 


one needle, and fluid was continuously withdrawn into the barrel of a graduated 1 ml. syringe 
through the other needle under a small negative pressure (20-40 mm Hg). The fluid withdrawn 
was clear of blood in nearly every experiment. The arrangement is shown diagrammatically in 
Fig. 1. To facilitate the passage of fluid from one needle to the other, intermittent pressure was 
applied to the raised area of skin by an automatic kneader, also shown in Fig. 1, and consisting of 
a polythene bell with a rubber diaphragm stretched across its open end. The rubber diaphragm 
was inflated about 30 times/min by a Dale-Schuster pump. The samples of fluid which were not 
immediately tested for bradykinin-like activity were kept on ice until the test was made. All 
needles, tubing and glassware in contact with the fluid were previously siliconed. 

In these perfusion experiments, the onset and development of the cutaneous vasodilatation in 
the forearm skin was determined using copper-constantan thermocouples with a potentiometer 
and galvanometer. Skin temperature was measured at two sites, one above and the other below 
the area of the infusion. In addition, the rate of heat elimination through the skin was measured 
using Hatfield’s heat-flow disks. The onset of sweat secretion was detected by measuring skin 
resistance at two or more sites on the forearm. ; 

In these experiments it was necessary to control body temperature by! some method other than 
immersing the subjéct in a water-bath, and for this a body t gulating suit. was 
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devised. The suit is shown in schematic cross-section in Fig 2. During the control peri 
subject was kept cool by circulating cold water through the tubes inside the insulating suit. To 
heat the subject and produce a peripheral vasodilatation, hot water was circulated through the 


_ suit and the heating pads were turned on; the polythene lining prevented the subject being cooled 


by evaporation of his own sweat. 


Electric = Water circulating 
| heating pad | tubes 
_ Fig. 2. Diagrammatic cross-section of temperat gulating suit. 
Assay of sweat and perfusate 


Sweat and perfusate were assayed for bradykinin-forming enzyme activity and for bradykinin- 
like activity, using the isolated non-pregnant rat uterus. Each horn was mounted in a 15 ml. 
organ bath containing de Jalon’s solution and maintained at a temperature of 29-30° C. When 
assaying for bradykinin-like activity the samples of sweat or perfusion fluid were transferred 
directly to the organ bath. When testing for bradykinin-forming enzyme, the samples were first 
incubated with a solution of dog pseudo-globulin. This solution contained the plasma protein 
fraction precipitated by (NH,),SO,, 33-46% saturation. The precipitate was redissolved in 
distilled water, dialysed for 48 hr against running tap water and finally made up to one third of 
the original volume with distilled water. The incubation and assay were carried out by the method 
of Hilton & Lewis (1956). The samples of sweat (or perfusate) were diluted, when necessary, before 
mixing, in order to ensure that the pseudo-globulin substrate was in excess. In each test between 
0-1 and 0-3 ml. pseudo-globulin solution was added to two volumes of solution of sweat (or 
perfusate). The mixtures were incubated for 1 min at 30°C. All assays were performed against 
a standard preparation of bradykinin, kindly supplied by Dr Rocha e Silva. 


Estimation of protein and peptide 
In one experiment samples of perfusate from the forearm skin were examined by the method of 
Lowry, Rosebrough, Farr & Randall (1951) which gives a measure of free and peptide tyrosine. 
Heparinized plasma from the same subject was diluted and examined in the same way. 


Preparation of cat’s submandibular salivary gland 
To compare the heat vasodilatation in forearm skin with the functional vasodilatation in the 
salivary gland, cats were anaesthetized with pentobarbitone (Nembutal, Abbott Laboratories, 
40 mg/kg), and the submandibular gland was prepared for isolation of its arterial inflow and venous 
outflow (via the external jugular vein), for cannulation of its duct, and for stimulation of the 
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chordolingual nerve as previously described (Hilton & Lewis, 1955a). The lingual artery was 
cannulated for injection. The venous outflow was measured using a photo-electric drop recorder 
(Hilton & Lywood, 1954), drop formation being registered with a Gaddum drop-timer. 

Drops of saliva were registered by a Thorp impulse counter, so giving a profile of the rate and 
amount of secretion. The chordolingual nerve was stimulated with square waves of 0-5 msec 
duration of varying frequency and voltage. 

One femoral vein was cannulated for intravenous injections, and the femoral artery of the ie 
leg for the blood pressure record. Heparin (10 mg/kg) was injected by the venous cannula before 
_ the femoral and lingual arteries and the external jugular vein were opened. 


RESULTS 
Experiments on the human subject 
| The presence of bradykinin-forming enzyme in sweat 

Sweat collected in the polythene bag from the forearm of a human iiabiect 
heated to 38° C caused no contraction of the isolated rat uterus, a preparation 
which is very sensitive to bradykinin, even when as much as 1 ml. was added 
to the organ bath: however, 0: 5ml. of a 1: 10 dilution of sweat in normal saline 
solution, when incubated with pseudo-globulin solution, caused a strong 
contraction. Like’ bradykinin, this smooth muscle-stimulating activity dis- 
appeared when incubation was prolonged, and it was destroyed by a few 
minutes incubation with chymotrypsin. Sweat collected from the hand under 
the same conditions possessed similar bradykinin-forming activity. 

In one experiment the sweat was collected from the forearm bag in successive 
samples, the bag being drained as much as possible whenever a few millilitres 
of sweat had collected. The volumes of these samples were measured and their 
bradykinin-forming activity was then assayed on the rat uterus. The rate of 
sweat production and output of bradykinin-forming enzyme are shown as 

histograms in Fig. 3. Although the body temperature was raised quickly, the 

peak of sweat production was not reached for 10-15 min. Thereafter it 
gradually declined, even though body ee was maintained at a high 
level. 

The hendykinin-forming. activity maximum 20-30 min after 


sweating began and then declined, but was still detectable in the sample of 


sweat collected up to the 90th minute. 


The presence of bradykinin in perfusate from the 
subcutaneous tissue space 
Direct evidence of bradykinin-formation in the skin was provided by experi- 
ments in which sterile saline was infused subcutaneously. When the subject 
_ was cool, the fluid withdrawn from the subcutaneous space and tested on the 


isolated rat uterus was found to contain small amounts of bradykinin-like 


activity. This activity, assayed against a standard preparation of bradykinin, 


corresponded to between 1 and 5yg bradykinin/ml. Like bradykinin, this 
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activity disappeared if the fluid was kept for 15-20 min at room temperature 
or after a few minutes incubation with chymotrypsin. As shown in Fig. 4, 
the activity of successive samples withdrawn during more than an hour of 
perfusion remained relatively steady. The fluid did not contain any brady- 
kinin-forming enzyme, since incubation with pseudo-globulin solution did not 
increase the amount of smooth muscle-stimulating activity. - 


Sweat collected (ml./min) 


60 
E 40 
30 


10 20 30 40 50 6 70 80 W 

Time (min) 

Fig. 3. Histograms of the amounts of sweat collected from a human forearm during a period 
of body heating and of the corresponding bradykinin-forming activity of each sample. 


- Human plasma proteins readily develop bradykinin-like activity when 


diluted with saline in vitro (Schachter, 1956). The activity of the fluid from the 
subject when cool could likewise be accounted for by the dilution of the tissue 
space proteins by the saline infusion. When the peptide and free tyrosine 
content of the fluid withdrawn was examined, it was found to correspond to 
that of a 1-2% dilution of plasma from the same subject. Accordingly, a 
1-2% dilution of plasma in saline was tested for bradykinin-like activity and 
the activity developed corresponded to 3g bradykinin/ml. 

When the subject was heated, the bradykinin-like activity of the perfusion 
fluid increased up to five times the previous level. As shown in the experiment 
illustrated in Fig. 5, this increase in activity corresponded with the onset of 


_ vasodilatation. In this experiment the subject’s temperature was raised slowly 7 
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Heat flow (8.1H.u./ft.2/hr) 
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Fig. 4. Results of an experiment in which the subject was kept cool throughout a 2 hr period, 
showing measurements of forearm skin temperature (@), heat flow (©) and equivalent 
bradykinin content of successive samples of perfusate from the subcutaneous space. 
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Fig. 5. ‘Results of an experiment in which the subject was heated after a control period of cooling, 
showing measurements of forearm skin temperature (@), heat flow (©) and equivalent 
bradykinin content of successive samples of perfusate from the subcutaneous space. 
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so as to produce vasodilatation some time before sweating commenced, and the 
bradykinin-like activity had almost reached its maximum when sweating first 
occurred. In another experiment, in which heating produced a threefold 
increase in bradykinin-like activity, the protein content of the fluid withdrawn 
did not change as the forearm vasodilatation developed. The temperature of 
the forearm skin increased to a maximum of 34° C during the body heating, 
and diluted plasma was therefore incubated in vitro at this temperature. The 
bradykinin-like activity of the diluted plasma was not increased by this 
treatment. The increase in bradykinin-like activity cannot, therefore, be 
attributed either to the raised skin temperature or to an increase in passage 
of protein across the capillary walls secondary to arteriolar dilatation and 
increased rate of blood flow through the skin. | | 


: The effect of occluding sweat gland ducts 

There is evidence that reabsorption of the constituents of sweat occurs 
through the sweat gland ducts (Lobitz & Mason, 1948). Experiments were 
therefore carried out in an attempt to increase this reabsorption by obstructing 
the outflow of sweat by painting layers of ‘Newskin’ on the forearm. It was 
thought that this might potentiate the vasodilator response; but no evidence 
of increased vasodilatation was found. The resting level of flow was not 
obviously affected in the treated arm. Further, when the subject was rapidly 


_ heated the flow increased equally in the two arms. 7 


- On removing the plethysmographs, inspection of the treated arm revealed 
only occasional blebs of sweat, like sago grains, under the film of ‘Newskin’. 
These were so small and sparse that it was clear that either sweat secretion 
had been largely suppressed, or the sweat secreted during the period of heating 
had been re-absorbed. | 


_ The effect of atropine on vasodilatation and sweating 

The salivary glands and the eccrine sweat glands both have a cholinergic 
secretomotor innervation. In the salivary gland stimulation of these nerves 
produces secretion together with an accompanying vasodilatation brought 
about by the local formation of bradykinin (Hilton & Lewis, 1955a, 6). It is 
known that atropine suppresses salivary secretion more readily than the 
accompanying vasodilatation. This drug has a similar effect on the secretory 
and vasodilator responses in the human forearm during body heating. After 


_ an injection of 0-3 mg of atropine into the brachial artery, the subject was 


heated in a bath. The onset of vasodilatation in the treated arm was slightly 
delayed compared with that in the normal arm (Fig. 6). Thereafter the vaso- 
dilatation in the two arms was almost identical. The onset of sweating in the 
treated arm was, however, considerably delayed and sweat secretion was 


| _ markedly reduced when compared with that of the normal arm. 
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Fig. 6. Results of an experiment in which the blood flow in both forearms was measured by 
venous occlusion plethysmography after arterial injection of atropine (0-3 mg) into the left 
brachial artery. 
is shown. 


Blood flow (ml./100 ml. forearm/min) 


Experiments on the cat’s salivary gland 


The present experiments suggest that there is a mechanism contributing to 
heat vasodilatation in human skin similar to that of the functional vasodilata- 


tion in the cat’s salivary gland. In human skin the vasodilatation on heating 
usually develops before sweating begins. In such experiments it is likely that — 


the sweat glands are not being maximally stimulated; experiments were 


therefore performed to determine whether submaximal stimulation of the — 


cat’s chorda tympani can produce vasodilatation in the submandibular 
salivary gland before secretion starts. 

It was found that when the nerve was stimulated with square waves of 
submaximal frequency and voltage, the vasodilatation in the gland began 
promptly, and always before salivary secretion. In one experiment stimula- 
tion just adequate to produce a vascular effect caused vasodilatation without 
any secretion, even though stimulation was maintained for 5 min. In two other 
experiments an interval as long as 75 sec passed after the onset of vasodilata- 
tion before secretion commenced. This confirms and extends previous findings 
that submaximal stimulation of the chorda tympani can lead to vasodilatation 
alone (von Beznadk, 1934). 

Another feature of the vasodilatation in the salivary gland is that it rapidly 
reaches a peak and then begins to fall off, even though stimulation is being 
continued. It then settles down to a steady value which depends on the 
intensity of stimulation used. According to the intensity of stimulation, the 
blood flow may be steady, or falling, or even -eiakasaar i at the time that 
secretion commences. 
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_ Effect of atropine. Small doses of atropine injected via the artery into the 
salivary gland, which scarcely affect the vasodilatation resulting from supra- 


maximal chorda stimulation, greatly reduce the vasodilatation produced by 


submaximal stimulation. The experiment illustrated in Fig. 7 shows the 
vasodilator and secretory effects of stimulation with a submaximal voltage at 
4 pulses/sec before (at a) and after (at c) an arterial injection of atropine 
sulphate (5ug/kg). After atropine the secretory effect was abolished while the 
vasodilator effect had almost completely disappeared. By comparison, the 
vasodilator effect of supramaximal chorda stimulation was hardly affected by 
the atropine (compare 6 with d), though secretion was abolished. 


_ Atropine sulphate g/kg) 


Venous outflow (drops/min) 


Saliva (drops) 


B.P. (mm Hg) 


(a) (b) 
Fig. 7. Cat, submandibular salivary gland. Records of venous outflow (Gaddum drop-timer), 
secretion of saliva and arterial blood pressure. Effect of stimulation of chordolingual nerve 
at 4 pulses/sec with submaximal voltage for 30 sec (a and c) and supramaximal voltage for 
_ 10 sec (6 and d). Atropine sulphate (5 g/kg) infused arterially between 6 and c. : 


DISCUSSION 
Skin vasodilatation and secretion of sweat are two mechanisms controlling 
heat exchange in man which have generally been thought to be functionally 
independent, each having its separate system of peripheral neural control. 
The present experiments suggest that they are interrelated responses activated 
by the secretomotor nerves to the eccrine sweat glands, and that the functional 
relationship is similar to that found in the cat submandibular salivary gland, 
where the vasodilatation accompanying secretion is mediated by a bradykinin- 

like polypeptide formed in the tissue spaces (Hilton & Lewis, 1955a, 6). 
The bradykinin-forming enzyme is found in sweat as it is in saliva. The 


_ increase in the bradykinin-like activity of the perfusate from the subcutaneous 
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tissue space of the forearm during body heating is analogous to the increase in 
bradykinin-forming enzyme in the venous effluent of the perfused salivary 
gland on chorda stimulation. Following an intra-arterial injection of atropine 
into the human forearm, the sweating produced by body heating is markedly 
delayed and reduced, whereas the vasodilatation is slightly delayed only. In 
the salivary gland, an intra-arterial dose of atropime sufficient to suppress 
secretion has hardly any effect on the vasodilatation and does not prevent the 
release of increased amounts of bradykinin-forming enzyme (Hilton & Lewis, 
1956). When the human subject is heated relatively slowly, the vasodilatation 
in the atropinized forearm is reduced and only appears 20 min after its onset 
in the normal forearm (Roddie, Shepherd & Whelan, 1957). Similarly, we 
found that atropine has a marked inhibitory action on the vasodilatation pro- 
duced by submaximal stimulation of the nerve supplying the salivary gland. 


Enzyme 
in sweat 


Tissue 


space 
protein 


| » , Cutaneous 
blood vessels 


Fig. 8. A schematic diagram to illustrate the bradykinin mechanism in human skin. 


The possibility that the vasodilatation in the human forearm might be 
caused by the action of vasodilator substances released from the activated 
sweat glands was considered by Grant & Holling (1938) but was questioned by 
Doupe, Cullen & Macaulay (1943) because atropine can prevent visible 
sweating without abolishing the vasodilatation. The hypothesis that the 
cutaneous vasodilatation results from the formation of the bradykinin, as in 


the salivary gland, removes this objection. A simple schematic diagram - 


showing the probable mode of action of the bradykinin mechanism in human 
skin is given in Fig. 8. 

It has been suggested that the time relationship between the onset of 
visible sweating and the vasodilatation in the human forearm exhibits such 
a marked variability as to make it unlikely that the two phenomena are 
produced by the same nerve supply (Hellon & Lind, 1956). In some of our 
experiments the onset of sweating and vasodilatation were nearly simul- 
taneous and in others sweating did not appear until the vasodilatation was 
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almost complete. These variations, however, can be readily explained by 
differences of intensity in the activation of the glands. In our experiments on 
the cat’s salivary gland, in which the chorda tympani was stimulated at low 
intensities and frequencies, a small vasodilatation could be produced without 
any secretion of saliva. With increasing intensity of stimulation the latent 
period between vasodilatation and secretion shortened until the two responses 
became virtually simultaneous. Further, with submaximal stimulation, the 
blood flow first increased, then decreased a little to reach a plateau which was 
maintained until stimulation was stopped. According to the time of onset of 
secretion, the blood flow might at this particular moment be increasing, 
decreasing or even steady. 

The degree of thermal stress giving rise to a particular discharge rate along 
the secretomotor fibres to the sweat gland will almost certainly be an important 
factor determining the time interval between the onset of vasodilatation and 
the onset of sweating. In situations imposing only a low thermal stress the 
threshold for stimulating sweat secretion would not be reached, and only a 
vasodilatation would occur which, by raising skin temperature, would 
re-establish thermal equilibrium. Furthermore, the magnitude of the vaso- 
dilator and sweating responses can be greatly influenced by the local skin 
temperatures prevailing at any one time at different parts of the body surface. 
With so many factors involved, a marked individual variability in response is 
not surprising, despite the relationship between vasodilatation and glandular 
activity. | 

One point at which there is a difference between the findings with the 
salivary and sweat glands is found in the experiments in which the outflow of 
secretion was prevented during glandular activation. In the salivary gland, 
the vasodilatation during nerve stimulation under these conditions was smaller 
than normal, but when the obstruction was relieved the blood flow was rapid 
for many minutes, even though the original stimulation had only been main- 
tained for 20 sec (Hilton & Lewis, 19556). In the human forearm, however, 
when the outflow of sweat was prevented by application of a film of ‘ Newskin’, 
the vasodilatation was the same as in the control arm, both during and after 
the period of heating. It is possible that this difference is due to the fact that 


the-salivary glands are encapsulated while the sweat glands are not. A firm 


capsule would limit blood flow when the pressure in the ducts is raised and it 
would further increase the rise of pressure in the ducts themselves. It might 
also act by restricting the diffusion of enzyme or bradykinin away from the 
blood vessels. It is likely that sweat can pass through the duct walls quite 
readily; this was suggested by the absence of sweat under pressure in the 
sweat ducts when the film of ‘Newskin’ was removed from the arm following 
a period of body heating and, indeed, dyes have been seen to diffuse hori- 


zontally from the ducts into the surrounding tissue (Kuno, 1956). 
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The anatomy of the skin is such that the coneept of bradykinin diffusing 
from the sweat glands to affect the skin blood vessels seems reasonable. Both 
the bodies and ducts of the sweat glands are enveloped in a profuse network | 
of blood vessels, and bradykinin formed in the immediate vicinity of the gland 
would readily affect all these vessels; the resulting vasodilatation probably 
plays an essential role in enabling the sweat glands to produce their copious 
watery secretion. The bodies of the sweat glands, which are not encapsulated, 
are located mainly below or in the lower part of the subdermal layer of the 
skin, close to the deep or cutaneous vascular plexus. 

In view of the evidence for a relationship between sweat gland activity and 
the active vasodilatation in human skin, it is significant that in the skin of the 
limbs of the cat and dog, which lack eccrine sweat glands, there is no indication 
of an active vasodilator mechanism, and heat vasodilatation is the result of 
the release of vasoconstrictor tone (Folkow, Frost, Haegar & Uvnis, 1949; 
Green, Howard & Kenan, 1956). 

If sweat secretion and cutaneous vasodilatation are interdependent functions 
as is suggested, then sweat gland activity should be accompanied by vaso- 
dilatation when initiated in other ways than by indirect heating. For instance, 
eating sharp and pungent foods, such as chillies, produces sweating associated 
with vasodilatation, usually restricted to the head and neck but sometimes 
extending over the trunk. Herxheimer (1956) observed that the skin reaction 
_of cholinogenic urticaria is always associated with both sweating and vaso- 
dilatation, and therefore suggested that it was secondary to some product of 
sweat gland activity. 

On the other hand, the sweating found in the clinical condition of shock is 
accompanied by a general cutaneous vasoconstriction, but here the local 
vasodilator mechanism has probably been overcome by a more powerful 
vasoconstrictor influence. 

So far the discussion has dealt with the active vasodilatation in forearm 
skin, The finding of bradykinin-forming activity in sweat collected from the 
human hand, however, raises a problem in so far as the vasodilatation occur- 
ring here on body heating has been explained on the basis of a release of 
vasoconstrictor tone alone (Arnott & MacFie, 1948; Gaskell, 1956). The skin of 
the hand differs from that of the forearm in having a large number of arterio- _ 
venous anastomoses, and these anastomoses may well exert a predominant 
influence on the control of skin blood flow in the hand, masking the vaso- 
dilatation resulting from the activity of the eccrine sweat glands known to be 
present. Furthermore, the eccrine sweat glands of the palmar skin differ from 
those of the forearm in responding to emotional rather than thermal stimuli. 
As Lewis & Pickering (1931) have pointed out, it may only be in pathological. 
states in which arterial vessels are partially blocked that the active vaso- 
dilator mechanism becomes apparent. ; 
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SUMMARY 
1. The mechanisms controlling the active vasodilatation and eccrine sweat 


gland activity occurring in human forearm skin on body heating have been 


studied and compared with those in the cat submandibular salivary gland. 
2. The bradykinin-forming enzyme was shown to be present in human 
eccrine sweat as in saliva. 
3. The subcutaneous space of the human forearm was perfused with saline. 


With body heating the bradykinin content of the perfusate increased up to 
« five times the level observed when the subject was kept cool, and this increase 


is attributed to sweat gland activity. 
4. The onset of skin vasodilatation may precede the onset of sweating, 


_ particularly when the subject is exposed to low thermal stress. Experiments 


on secretion and venous outflow from the cat’s submandibular gland showed 
that whereas with maximal stimulation of the chorda tympani, vasodilatation 


and extrusion of saliva were observed simultaneously, with submaximal 
stimulation, vasodilatation could appear before, or even without, extrusion of — 
saliva. 


5. Using forearm venous occlusion plethysmography it was shown that 


/ during rapid body heating atropine suppressed overt sweat secretion more 
- readily than the vasodilatation. In the atropinized salivary gland maximal 


stimulation elicited an almost normal vasodilatation without extrusion of 
saliva, whereas with submaximal stimulation the vasodilatation was greatly . 
reduced. 

6. -It is concluded that bradykinin formation in human eccrine sweat glands, 
by producing a periglandular vasodilatation, plays an important role in sweat 
secretion closely analogous to its role in the salivary gland. It is further con- 
cluded that the active vasodilatation in human forearm skin accompanying 
body heating is also produced in the main by bradykinin resulting from sweat, 
gland activity. 


We wish to thank Dr J, L. Simkin for performing the free and bound peptide estimations. 
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GASTRIC SECRETION IN THE NORMAL GUINEA-PIG 


By J. WATT anv C. W. M. WILSON 


_ From the Departments of Pathology, and Pharmacology and 
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(Received 30 December 1957) 


The advantages of using guinea-pigs in large numbers for the investigation of 
ulcerogenic agents, and of factors influencing the formation of ulcers, are well 
recognized (Hay, Varco, Code & Wangensteen, 1942; Harrison, Packman & 
Goldberg, 1956). Nevertheless, the physiology of the gastric secretion in the 
guinea-pig has until recently received little detailed study. The technique used 
in the present experiments enables changes in all the constituents of the gastric 
contents to be measured in the unanaesthetized animal. The measurements 
can be made before any experimental procedure is started and at frequent 
intervals throughout the subsequent experiment. In this way the onset and 
progress of pathological processes affecting the stomach can be correlated with 
the changes occurring in the gastric secretion. 

In the present investigation the fasting gastric juice and the gastric secretion 
in response to histamine and methacholine have been collected by intubation 
of the unanaesthetized guinea-pig. An analysis of the secretion thus obtained 
has been made, and the range of variation of the electrolytes and pepsin in 
the normal stomach following these stimuli has been determined. : 


METHODS 


Animals, Groups of at least six male guinea-pigs each of 500 g or more in weight were used. 
The diet consisted of cabbage leaves and powdered cake moistened with water, given regularly 
at 9 a.m. and 4 p.m. each day. They received water ad libitum. All the food was removed 15 hr 
before the start of each experiment although water was left in the cages. Throughout the fasting 
and the experimental periods the guinea-pigs were placed on wide-mesh floors to allow their 
faeces to fall freely out of the cages. : | 

Removal of gastric secretion. The gastric secretion was removed from the fasting guinea-pigs 
according to the method described by Watt & Wilson (19572). The secretion was collected through 
a polythene tube in the unanaesthetized animal. The tube was introduced into the mouth while 
the guinea-pig was held firmly by the skin of the back of the neck with the abdomen uppermost 
and the neck fully extended. It was passed along the groove in the middle of the hard palate and 


_ eased gently down the oesophagus until it passed the cardia. About 6-8 min was required to 
Temove the full volume of secretion from each guinea-pig. 
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Analysis of gastric secretion 

Volume and electrolytes. The total volume, and volume of solid material in the secretion, were 
recorded after centrifuging. The concentrations of free and total acid were measured by titration 
of samples of the secretion of 0-5 or 1-0 ml. volumes, against 0-04 n-NaOH, using Topffer’s reagent 
and phenolphthalein as indicators. The concentration of sodium and potassium were measured 
by flame photometry, and total chlorides were measured by the method of Conway (1935). The 
results are expressed in milliequivalents/l. of gastric juice. 

The peptic activity of the gastric secretion was measured by colorimetric determination of the 
tyrosine released after incubation of the gastric secretion with plasma substrate, according to the 
method of Hunt (1948) as modified by Sircus (1954) for measurement of the peptic activity in 
urine. The results are expressed in units of pepsin/1000 ml. gastric secretion. One unit of pepsin 
is the amount of enzyme releasing the colorimetric equivalent of 1 mg of L-tyrosine from 0-1 g of 
plasma protein substrate in 15 min at 37° C. In the method of Sircus the incubation period was 
2 hr; in the present method incubation for 15 min was adequate on account of the high peptic 
activity of the gastric secretion. | 

The administration of drugs 7 

The drugs were given at 8 a.m. and the gastric secretion was collected an hour later when the 
animals would normally have received their morning meal. 

Histamine, Histamine acid phosphate suspended in 4-5% (w/v) white beeswax in arachis oil 
(Williams, 1951) was given by intramuscular injection in a dose of 10 mg/kg. After injection the 
site was massaged very gently for about 5 sec. 

Methacholine. Doses of methacholine of 0-001, 0-005, 0-01, 0-02 and 0-2 mg/kg were given in 
different experiments. Administration was by intraperitoneal injection at 10 min intervals over — 
a period of 50 min. The gastric secretion was collected 1 ee 
i.e. 10 min after the last injection of the drug. 


RESULTS 


The fasting secretion. The fasting secretion was collected from a group of 
fourteen animals. The volume of secretion was relatively small (4-2 + 0-5 ml.). 
Very few particles of white mucus were seen and the fluid itself did not have 
the sticky feeling which was often associated with secretion obtained after 
methacholine. 

Since solid food or faeces in the stomach is more likely to block the tube in 
fasting animals than in animals in which the secretion has been stimulated by 
drugs, six of the guinea-pigs were killed immediately after removal of the 
secretion in order to determine how much juice had been left in the stomach. 
It was found that the volume of residual juice ranged from 0-2 to 1-0 ml. As 
a further check on the accuracy of the intubation method, the stomach con- 
tents were removed post-mortem from a second group of fourteen fasting 
animals. The mean volume of juice so obtained was 4-8 + 0-5 ml. 

The results showed that the difference between the mean volumes collected 
by stomach tube and at post-mortem is not significant. The constitution and 
volume of the gastric secretion obtained post-mortem from the second group 
of animals is shown in Table 1. . 

The histamine secretion. Following the injection of histamine the stomach 
tube was easily passed and a very large volume of fluid secretion siphoned out. 
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No mucus was seen, and unless the guinea-pig had indulged in excessive 
coprophagy, the secretion was almost clear; about 7% of the gastric contents 
consisted of solid matter. To ascertain that complete emptying of the stomach 
was being secured, a few animals were killed immediately after intubation; 
a range of only 0-1-0-7 ml. of residual juice was found. The volume and 
constitution of the histamine secretion are shown in Table 1. 

The methacholine secretion. Following injection of methacholine there was 
considerable resistance to the passage of the stomach tube. It could be intro- 
duced along the oesophagus only very slowly, and it was often necessary to 
allow it to be carried into the stomach by peristaltic waves to avoid stripping 
of the oesophageal mucosa on the end of the tube. When the tube entered the 
stomach the secretion siphoned out slowly and massage of the abdomen and 
change in the position of the animal were both necessary in order to be certain 
that the stomach had been emptied. The secretion felt sticky and often was 
slightly cloudy in appearance although solid particles of mucus were only 
rarely seen in it. 

The effects of various doses of methacholine on the volume and constitution 
of the gastric secretion are shown in Table 1 and Figs. 1 and 2. These doses 
correspond approximately to those administered to dogs by Gray & Ivy (1937). 
Even with the highest dose (0-2 mg/kg) the volume was only about half that 
obtained with histamine. The mean proportion of solid matter in the gastric 
contents from all the guinea-pigs was 14%; the range with the different doses 
of methacholine varied from 8 to 18%. Methacholine caused the secretion of 
a greater volume of juice than was found in the fasting guinea-pigs and the 
increase in volume was most pronounced with the largest dose (0-2 mg/kg) 
(Fig. 1). On account of the relative viscosity of the secretion in the animals 
receiving methacholine, it is possible that slightly more residual juice may 
have remained in the stomach of these animals after intubation. The concentra- 
tion of free and total acids was greatest after a dose of 0-01 mg/kg. These 
values were intermediate between those obtained for the fasting and histamine 
secretions (Table 1). As the dose of methacholine was increased, the acid 
concentrations diminished (Fig. 2). After a dose of 0-2 mg/kg the concentra- 


tion of acid in the secretion was significantly less than that of the fasting juice. 


The chloride concentration reached its highest value when the acid con- 
centration was at its greatest (Fig. 2). The sodium concentration did not vary 
significantly with doses up to 0-02 mg/kg, but with a dose of 0-2 mg/kg the 
sodium concentration increased very considerably (Fig. 1). It increased to 
about four and a half times the value produced by the lower doses. This 
increase was out of proportion to the corresponding change in the acid con- 
centration, which fell to about half its former value with the largest dose of. 
methacholine, There was no significant difference in the potassium concentra- 


- tion of the secretions produced by the different doses of methacholine. 
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TaBLe 1. The mean volumes and constitution of the gastric secretion obtained in response to 
various stimuli. The numbers of animals and standard errors are indicated. Acid and 


electrolytes in m-equiv./l. 


Stimulus | Fasting Histamine, Methacholine, 
10 mg/kg 0-01 mg/kg 
No. of animals 14 25 6 
Vol. (ml.) 4-86+4.0-52 18-40+0-98 5-86+0-98 
Solid matter (%) Ap 7 18 
Pepsin (u./l.) 600 + 100 11104123 2080 + 470 
Free acid 69+5 103+4 83+6 
Total acid 93+5 122+3 109+8 
Na 29+4 19+1 2343 
K 1441 1240-5 1541 
Cl 93+5 140+5 11345 
Differences in the volume, free acid and Na between the fasting and methacholine secretions, 
and the difference in the Na between the methacholine and histami tions, are not significant. 
All other differences are significant at a value of P< 0-05. 
12 120 
+4100 
3 
Sodium T T 
9005 0010 0020 7200 
Methacholine (mg/kg) 


Fig. 1. The effect of methacholine on the volume, @, and sodium concentration, ©, of the 
gastric secretion. The standard error of the observations at each dose is shown; semi-log 
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Methacho'ine (mg/kg) 
Fig. 2. The effect of methacholine on the concentrations of free acid, @, and chlorides, O, in 
the gastric secretion. The standard error of the observations at each dose is shown; semi-log. 
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Methacholine caused the secretion of a juice of high peptic activity, and 
there was no significant difference between the activity with the various doses. 
The smallest dose caused the secretion of a juice with peptic activity signi- 
ficantly greater than that of the fasting juice even though the acid concentra- 
tions in these two juices were similar. 

Comparison of the secretions evoked by histamine and methacholine. The pro- 
portion of solid matter in the secretions obtained from the different stimuli 
was approximately the same (7-18%). Since maximum volumes of gastric 
juice were removed from all the animals in every experiment, the secretions 
obtained from the different stimuli are therefore comparable. It is not possible 


TaBLE 2, The total electrolytes and peptic activity of the gastric secretion obtained 1 hr after 
the administration of histamine and methacholine. Electrolytes in m-equiv., pepsin in 


Stimulus Fasting Histamine Methacholine 

Dose (mg/kg) 10 0-2 0-02 0-01 0-005 0-001 
i 3-2 18-7 16-7 12-3 13-5 15:3 

Free acid 0-34 1-90 0-42 0-46 0-49 0-48 0-42 

Na 0-14 0-35 1-05 0-13 0-14 0-15 0-19 

K 0-07 0-22 0-13 0-08 0-10 

Cl 0-46 2-58 0-96 0-60 0-67 0-56 0-43 


by this experimental technique continuously to collect the secretion from the 
time when the secretory stimulus is administered until its effects have dis- 
appeared, but comparison of the total gastric content of the different con- 
stituents can be made at definite times after application of the stimuli. The 
volume of the gastric secretion removed under such conditions will be affected 
by passage of the gastric contents through the pylorus, and the gastric 
secretory and motor responses may not have developed to the same stage 
1 hr after the initial injection of the drugs. However, comparison of the gastric 
contents after an empirical period of 1 hr provides further information about 
the effects of the drugs on gastric secretion and is shown in Table 2. | 
__ It is interesting to note that in response to histamine the gastric content of all 

the electrolytes was high, although the concentrations of sodium and potassium 
were low. The concentration of pepsin in histamine-induced secretion was low, 
but because a large volume of juice was secreted the pepsin content in the 
stomach 1 hr after the administration of the drug was as high as that following 
the administration of methacholine. As the dose of methacholine was increased 
up to 0-01 mg/kg the gastric content of free acid and of chlorides increased, 

_ thereafter the acid content diminished. With the largest dose of methacholine 
' the quantity of sodium and chloride in the stomach increased greatly, although 
the quantity of acid diminished still further. 
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DISCUSSION 


The unanaesthetized small laboratory animal has not been used to any con- 
siderable extent for the investigation of gastric secretory function, apart from 
experiments in which gastric pathology has been simultaneously investigated. 
Ghosh & Schild (1955) used the anaesthetized rat for investigating the secretion 
of acid during perfusion of the stomach with sodium bicarbonate, but this 
method has the disadvantage that the animals are anaesthetized throughout 
the experiment and that only changes in the secretion of acid can be measured. 
As has been shown by Watt (1955) in the guinea-pig, anaesthesia may have 
a depressant effect on gastric secretion. Shay, Komarov, Fels, Meranze, 


Gruenstein & Siplet (1945) were able to produce ulceration by tying the pylorus 


of the rat and they examined the acid concentration of the gastric contents 
when the animals were killed. Bolton (1910) collected samples of gastric juice 
from guinea-pigs post-mortem while studying the pathology of acute ulcera- 
tion produced by gastrotoxic sera, and measured the concentration of acid in 
the samples. The observation by Hay et al. (1942) that ulceration of the stomach 
in the guinea-pig could readily be produced by a slow liberation of histamine 
has encouraged investigation of factors controlling gastric ulceration in this 
species, and in some of their animals these workers also investigated the 
concentration of acid in the gastric contents obtained post-mortem. In such 
experiments, however, the secretion at or shortly preceding death gives no 
indication of the changes which occur when the ulcers are forming. Considera- 
tion of these experimental methods leads to the conclusion that it would be 
more physiological, and thus more valuable, to study the gastric secretion in 
the unanaesthetized animal, as well as the changes occurring in the gastric 
contents throughout the course of the experiment. 

Watt (1955) investigated the concentration of acid in unanaesthetized 
fasting guinea-pigs and in guinea-pigs to which histamine has been admini- 
stered. His method has been used for investigating the gastric secretion of 
acid in anaphylactic shock (Watt & Wilson, 1956) and following the administra- 
tion of various drugs (Watt & Wilson, 19576, c). The method has the advantage 
that normal unanaesthetized guinea-pigs are used, and the animals can be 
used repeatedly, and the effects of different stimuli can be investigated in the 
same animals. The concentrations of acid, electrolytes and enzymes in the 
gastric contents can be measured and changes in their concentrations can be 
followed. Saliva may be swallowed during the course of the experiments, and 
the volume and constitution of the gastric secretion may be affected by 
alterations in the tone of the pylorus. Such influences are operative both under 
normal conditions and during the development of pathological lesions in the 
stomach. 

The concentration of acid and the volume of juice secreted in response to 
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histamine have previously been investigated by Watt (1955). The present 
results confirm his finding that histamine causes the secretion of a large volume 
of highly acid gastric juice. The mean volume of secretion in the present 
experiments was slightly greater and the values for free and total acid con- 
centrations were slightly higher, probably because larger animals were used 
and less difficulty was experienced in removing the gastric contents. 

The increase in peptic activity of the histamine secretion in comparison with 
that of the fasting juice is small but highly significant (P< 0-001). Whether 
_ this effect is due to stimulation of pepsin secretion by histamine or to passive 
washing out of pepsin by the large volume of juice secreted in response to 
histamine cannot be determined from the present experimental results. 
Bucher, Ivy & Gray (1941), after injecting histamine for several hours in 
conscious vagotomized dogs and collecting the juice from pouches, concluded 
that it was unlikely that the rise in peptic activity of their juice was due solely 
to a washing out effect, and Ashford, Heller & Smart (1949) found a rise in the 
concentration and output of pepsin in human gastric secretion following the 
injection of histamine. They suggested that it is only by accurate estimations 
of both concentrations and output that definite proof of the stimulant activity 
of histamine on peptic cells can be shown. Babkin (1950), however, has 
summarized the experimental evidence on this subject, and, as a result of 
comparisons of fasting and histamine-induced secretion, concludes that there 
is insufficient evidence to show that histamine is a true stimulant of peptic 
cells. When total outputs are calculated in the present experiments, it is 
interesting to note that the peptic activity of the histamine secretion after 
1 hr is similar to that of the methacholine secretion. It is probable, therefore, 
that the ulcerogenic effect of histamine is due to the high concentration of acid 
rather than to the large output of pepsin in the histamine secretion, since 
ulcers do not commonly occur after the injection of methacholine. 

All the doses of methacholine caused a small increase in the volume of the 
gastric secretion in comparison with the fasting secretion. This was most 
pronounced with the largest dose. Each dose of methacholine caused a large 
increase in the peptic activity of the secretion. There was no significant 
- difference in the effect produced by the different doses. 

In the present experiments methacholine was administered at 10 min 
intervals, as was done by Gray & Ivy (1937) when they were examining the 
effect of methacholine on acid secretion in dogs with gastric pouches. Our 
results support their observation that a dosage reversal effect occurs in the 
_ acid response to methacholine. They were, however, unable to offer any 

- explanation of the mechanism and could not determine the sites at which it 
occurred. In our experiments, when the dosage reversal effect occurred, the 
reduction in hydrogen-ion concentration was proportionately greater than the 
reduction of chloride ions, and was accompanied by a large increase in the 
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concentration of sodium. Changes therefore took place in both the parietal H+ 
concentration and in the non-parietal alkaline component of the secretion 
when the dosage reversal effect occurred (Fisher & Hunt, 1950). The changes 
which were observed in the electrolytes of the gastric secretion were very 
similar to those produced by sodium fluoride and mersalyl in the cat (Bond & 
Hunt, 1956). These authors suggest that replacement of hydrogen ions by 
sodium ions in the gastric contents occurs as a result of altered permeability 
of the membrane lining the gastric wall, and therefore that a fall in the 
recovery of hydrogen ions from a stimulated gastric mucosa may not neces- 
sarily be the result of inhibition of secretion. In the present experiments 
methacholine appeared to affect the peptic and parietal cell mechanisms 
differently when the dosage reversal effect took place. If the theory suggested 
by Bond & Hunt (1956) can be used to explain the changes produced by large 
doses of methacholine in the guinea-pig, then inhibition of secretion of the 
parietal cell component may not actually have occurred. Such a theory would 
account for the changes in the sodium and hydrogen-ion concentrations, but 
because of the larger molecular size of the pepsin molecule, it is understandable 
that back diffusion of this molecule would not occur. Large doses of metha- 
choline in these circumstances would cause secretion of both pepsin and the 
parietal H+ component but on account of concurrent changes in the perme- 
ability of the gastric mucosa its effect on the parietal component would be 
largely masked, owing to the back diffusion of the hydrogen ions. 


SUMMARY 


1. Gastric juice can be collected through a stomach tube from normal 
unanaesthetized guinea-pigs, and the use of the method for examining the 
gastric contents in response to pharmacological stimuli is discussed. 

2. Significant quantities of juice do not remain in the stomach after 
removing the gastric contents by this method. 

3. Mean values for the volume, and for the concentrations of acid, sodium, 
potassium, chlorides and peptic activity are presented from fasting guinea-pigs, 
and from fasting guinea-pigs injected with histamine and various doses of 
methacholine. 

4. Histamine causes the secretion of a large volume of highly acid juice. 


~The pepsin concentration in this juice is significantly higher than in fasting 


juice. 

5. Methacholine causes the secretion of a juice with a high concentration 
of pepsin and with an acid concentration which is slightly higher than that 
found in fasting juice. Larger doses of methacholine depress the secretion of 


acid to a value significantly below that of oe juice, without affecting the 
concentration of pepsin. 
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MARKED DIFFERENCES IN BEHAVIOUR OF ARTERIAL 
AND VENOUS BLOOD IN HAEMOSTASIS 


By W. 0. CRUZ, A. C. OLIVEIRA anv J. R. MAGALHAES 


From the Laboratory of Haematology, Instituto Oswaldo Cruz, 
Eto de Janeiro, Brazil 


(Received 2 January 1958) 


Using the dog’s hind-limb preparation as a physiological method for the study 
of haemostasis (Cruz & Oliveira, 1958), we have verified that this organic 
function is exercised exclusively by the arterial blood, since the use of venous 
blood re-oxygenated in vitro showed in no instance any haemostatic property. 
The interrelations between certain properties of arterial and venous blood 
under various conditions are presented in this paper. 


METHODS 


The dog’s isolated hind-limb preparation has been described elsewhere, as well as the technique 
for determining the bleeding time (Cruz & Oliveira, 1958). Plastic tubes were inserted into the 
femoral artery and vein of the heparinized dog and the leg isolated by a tourniquet at the base of 
the thigh, leaving free the artery, vein and femoral nerve. The blood (citrated) to be tested was 
forced from a flask by air under a variable pressure into the arterial inflow tube and collected as 
it dripped from the venous outflow. The rate of flow was kept constant in each experiment and 
was controlled by varying the air pressure in the flask so as to maintain an average rate of 
50+ 10 drops/min. 

Bleeding time was determined on the shaved thigh by making two shallow razor cuts below the 


incision and wiping away the blood every minute with absorbent paper until the bleeding stopped. — 


Platelets were determined by a turbidimetric method developed in this laboratory (Cruz, 1954). 
Haematocrit determination was made using a Wintrobe tube. Clot retraction was observed by 
the Hirschboeck (1948) method. 


RESULTS 


Lack of haemostatic capacity of venous blood re-arterialized in vitro. Care was 
taken to re-arterialize the venous blood in air containing 9° CO,, in order to 
avoid the eventual loss of haemostatic property owing to the excessive 
liberation of CO, (Cruz & Oliveira, 1958). The re-arterialized blood is used to 
perfuse the dog’s hind-limb preparation, to test its haemostatic properties. 
Table 1 shows, contrary to what was previously described for arterial blood 
(Cruz & Oliveira, 1958), that the venous blood lacks haemostatic capacity. 
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To verify if the loss of haemostatic property took place during the re-arterializa- 
tion of the venous blood in vitro, we collected venous blood from a donor under 
petroleum jelly and, without re-arterializing it, observed its haemostatic 
properties in the preparation (dog 1838). The absence of a haemostatic 
property in this blood appears to indicate that this is a characteristic of venous 
blood and it is not restored during re-arterialization of the blood in vitro. 

Inhibitory effect of venous plasma on the haemostatic property of normal 
arterial blood. We tried to verify in what quantities arterial blood mixed with 
venous blood would make the latter haemostatic. It was observed that venous 
blood, and more particularly its plasma, produced an accentuated inhibitory 
action on the normal haemostatic property of arterial blood. Table 2 shows 
that, even in a very low concentration (0-1°%), venous plasma can — its 
inhibitory action. 

On the mechanism of the inhibition of venous plasma. Certain phenomen® of 
haemostasis studied by means of the isolated dog’s limb method involve the 
participation of its cellular elements, especially the platelets. It would, there- 
fore, be interesting to know if the action of venous plasma would be stimulated 
through the excitation of the arterial blood platelets, with the consequent 
liberation of anti-haemdstatic substances, or if the addition of venous plasma 
would directly inhibit the haemostatic properties of arterial blood. For this 
purpose, venous plasma was added to arterial blood from which the platelets 
had been removed by centrifuging for 15 min at 1000 rev/min under petroleum 
jelly, followed by removal of the surface layer of plasma and platelets, centri- 
fuging for 20 min and separation of the surface layer of plasma without 
platelets; the sediment of the first operation (red blood cells mixed with 
platelets) was submitted, after resuspension in saline solution, to repeated 
15 min centrifugations at 1000 rev/min, with successive removal of the surface 
layer containing an ever-diminishing quantity of platelets, until these elements 
were found to be completely absent. The number of these fractional centri- 
fugations varied with the blood sample, 8-15 operations of this kind being 
necessary in the majority of cases in order to be sure of removing all the 
platelets. Once this part was finished, the platelet-free plasma was mixed with 
the red blood cells and was then ready to be used in the hind-limb preparation. 
It is important to call attention to the fact that all these centrifugations, even 
those in which the plasma had already been removed, were done under 
petroleum jelly; contact of the plasma or of the red cells with the atmosphere 
was always avoided. In a previous paper, Cruz & Oliveira (1958) showed that 
these lengthy manipulations and the absence of platelets do not interfere with 
the haemostatic properties of the blood, when the samples thus treated are used 


_ assoon as the platelets are removed. Table 3 shows that the addition of suitable 


quantities of venous plasma to arterial blood without platelets rendered the 
latter non-haemostatic. 
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Capacity of oxygenated venous plasma to render venous blood haemostatic. 
Table 4 shows that the replacement of venous plasma by venous plasma 
oxygenated for 30-60 min with alveolar air, or even replacement of 50% of 
the venous plasma, can make it haemostatic. This table also shows that the 
haemostatic property of re-oxygenated venous plasma is retained for only 
a short time; keeping it for 30 min at laboratory temperature or in a water- 
bath is sufficient to cause this property to disappear. 

After-effects of the passage through the hind-limb preparation of venous blood 
re-arterialized in vitro. The perfusion (generally for half an hour) of the 
preparation with blood of venous origin, as well as causing prolonged bleeding 
of the skin incisions made during its passage, caused the preparation to show 
failure of haemostasis when, after washing out the recently used venous blood 
with saline, it was now perfused with normal arterial blood. All the results 
presented in Table 1 showed for the perfusion of the preparation with normal 
arterial blood after the passage of venous blood a bleeding time longer than 
30 min. 


DISCUSSION 


One of the most unexpected facts we observed in studying haemostasis by 
means of the physiological method previously mentioned was the total absence 
of haemostatic power in venous blood re-arterialized in vitro. No single 
exception to this was observed. Blood collected from the jugular vein or right 
auricle of the donors as well as the venous blood taken from the femoral vein 
of the isolated limb had never any haemostatic property. Besides the results 
presented in this paper, numerous tests have already been carried out in our 
laboratory in order to find substances capable of rendering venous blood 
haemostatic. In none of these tests have we found a single case of venous blood 
which spontaneously showed haemostatic capacity. 

Apart from the different oxygen and carbon dioxide content, with their 
respective pH differences, and other numerical variations in their cellular 
elements, arterial and venous bloods are usually considered similar when inter- 
preting any physiological phenomenon. We can only quote Chambers & 
Zweifach (1947) regarding another distinctive property of venous blood not 
shared by arterial blood. Studying the gradient of permeability in a capillary, 
they found the venous end to be more permeable than the arterial end; but by 
re-routing the venous blood back through the capillary, a new gradient could 
be established, through some factor in venous blood not present in arterial 
blood. We are not aware of any other property which demonstrates such a 
distinctive difference between venous and arterial bloods. This new situation 
accordingly surprised us and we only accepted it after numerous repetitions 
of the experiments under varying conditions. : 

Also unexpected was the discovery that, apart from not possessing haemo- 
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static capacity, the venous plasma has a strong inhibitory action on the haemo- 
static property of normal arterial blood. 

Such a radical difference in the properties of the blood which enters and that 
which leaves the lung suggests that this organ has an important function 
connected with the phenomenon of haemostasis. Indeed, some work from our 
laboratory, already submitted for publication, will be found to show a marked 
participation of the lung in the mechanism of haemostasis (Cruz, Oliveira & 
Oliveira, 1958, and Cruz, Oliveira & Meis, 1958). Whatever the mechanism 
causing this newly observed pulmonary function may be, oxidation phenomena 
probably play a part, since the results of the present work show that shaking 
venous plasma in air or oxygen plus 9% CO, turns it haemostatic. ; 

It is probable that the old observation, that the re-oxygenation of blood 
used to perfuse isolated organs maintains these preparations in better condition 
for a longer time when done by means of the lung in preference to re-oxygena- 
tion in vitro, is related to this ‘haemostatic’ function of the lung. Especially, 
if we consider that the substances formed in the lung having haemostatic 
function can have still other unknown physiological functions, it is reasonable 
to speculate on the necessity for a passage through the lungs in order to main- 
tain the blood in the best condition for perfusing isolated organs or tissues. This 
aspect is well brought out if we quote Aird’s own words prefaced to a paper of 
Melrose (1953) on the mechanical heart-lung for usein man: ‘ Animals maintained - 
entirely on an extra-corporeal heart-lung circulation sometimes survive for 
indefinite periods, but a high proportion fail to survive, perhaps for reasons 
not dissimilar to those which make prolonged perfusion of the isolated organ 
impossible. The natural lung may have other functions than oxygenation.’ 


_. Certain authors refer to a detoxicating function of the lung; thus, Whittaker 


& Winton (1933) state that ‘since the plasma obtained by centrifuging defibrin- 
ated blood induces vaso-constriction, it must be detoxicated by passage 
through the lungs’. The employment of the lung as a detoxicating organ 
appears to be still at the empirical stage; sometimes this function is mentioned 


between inverted commas as in a quotation from a paper by Pappenheimer & 


Maes (1942) where they say: ‘The two operations were so timed that the limb 
was ready for perfusion one hour after starting the lung-pump circulation, 
thus allowing time for “detoxication” of the blood by the lungs.’ At other 
times this lung function is more in evidence, as in the work of Folkow (1953), 
where a vasodilator substance, observed when the blood passed through a 
perfusion pump, exercised its function only when the blood was infused by the — 
arterial route, its action being nil when the blood was injected intravenously. 

That this pulmonary function can have a wider significance than the im- 
mediate control of haemostasis is confirmed in the observation of Cruz & 
Oliveira (1958), who have shown that the isolated hind-limb preparation loses 
its haemostatic capacity even when perfused with a sample of normal arterial 
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blood when the preparation has previously been perfused with certain non- 
haemostatic blood samples. The fact that the passage of venous blood re- 
arterialized im vitro through the preparation also renders it incapable of 
responding satisfactorily to the subsequent passage of arterial blood, shows 
that something essential had been damaged in the capillaries and small blood 
vessels of the area irrigated during the passage of the venous blood. 


| SUMMARY 

1. Using the dog’s isolated hind-limb preparation method for studies on 
haemostasis, a radical difference has been discovered between the behaviour 
- of arterial blood and of venous blood re-arterialized in vitro. 

2. In distinction to arterial blood, which possesses haemostatic property, 
venous blood re-arterialized in vitro is entirely deficient of this property. 

3. When shaken for one hour in alveolar air, venous plasma re-acquires for 
a short time its haemostatic capacity. 

4. Apart from its inability to stop bleeding, venous blood, by means of its 
own plasma, possesses a strong inhibitory action on the haemostatic capacity 
of normal arterial blood. | 

5. The passage through the preparation of venous blood re-arterialized 
4m vitro renders it, for a prolonged period and perhaps indefinitely, incapable 
of reacting normally to the subsequent passage of arterial blood since the 
preparation loses its haemostatic capacity. 

6. These findings speak in favour of a lung function in haemostatic pheno- 
mena, such function having already been demonstrated in this laboratory by 
studies that will be published in due course. 


Guinle. 
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It is well known that many different species of Rays, inhabiting various tem- 
perate seas, possess a small electric organ (Ewart, 1888a, b; Burdon Sanderson 
& Gotch, 1888, 1889). This organ is situated in the posterior two-thirds of the 
tail and replaces the lateral muscle bundle on either side. The natural dis- — 
charge of the intact fish does not exceed 4 V in amplitude and lasts for 0-5 sec 
(Albe-Fessard, 1950). Such a small voltage makes it seem unlikely that this 
discharge is a protection against enemies or a weapon to kill prey, as, for 
example, is the main electric organ of Electrophorus electricus L. (Keynes, 1957). 
It has been suggested that the organs of Sachs in Electrophorus are a direction- 
finding device similar to that found by Lissmann (1951) in Gymnarchus nilotis 
Cuv. and other fish. Perhaps the organ in these Rays is a similar direction- 
finding organ (Grundfest, 1957) or it may provide a means as suggested by 
M. E. Brown (see Keynes, 1957) for species and even sex recognition. 

This paper is mainly concerned with the processes underlying the production 
of a discharge from a single electroplate. In a brief earlier publication (Brock, 
Eccles & Keynes, 1953) it was reported that a resting potential of about 70 mV 
internally negative exists across each of the faces of an electroplate, the ner- 

vous and the non-nervous faces. During discharge a response is generated at 
the innervated face, which sometimes causes a small reversal of the resting 
potential. There is also a corresponding voltage change on the non-nervous 
face which probably is a passive voltage drop induced by the outward flow 
_ of current that enters through the nervous face. The response has usually a 
very long duration (about 25 msec) with a time from start to summit of up to 
5 msec. Thus it bears a striking resemblance to the end-plate potential re- 
corded intracellularly by Fatt & Katz (1951) from the end-plate region of 
amphibian muscle, Alteration of the external ionic environment or addition 
of drugs has been used in this study to elucidate, if possible, the mechanisms 
_ underlying the discharge of individual electroplates. 

* Nuffield Fellow. 


=a 
q 
4 
a 
“ 
4 
5 
4 
4 


252 L. G. BROCK AND ROSAMOND M. ECCLES 


METHODS 


The main species, used throughout this work, was the Thornback Ray, Raia clavata, though 
three specimens of R. brachyura are included in this study (methods of identification are given by 
Steven, 1931). The fish were caught by a trawler running out from Plymouth and were placed 
in tins filled with sea water and dispatched by train to Cambridge. On arrival at Cambridge 
the fish were transferred to tanks of aerated and circulated sea water. The four or five animals 
usually survived for the next few days and practically all were available for experimentation. It 
was observed, however, that any damage to the tail affected the response of the electroplates in 
this area, and if the damage was sufficiently widespread the electric organs were valueless. 

As already stated (Brock et al. 1953), in specimens of R. clavata measuring 50 cm across the disk, 
the electric organs are about 15 cm long and 5 mm in diameter at their mid point. They consist of 
about a dozen columns each containing some 200 electroplates arranged in series (Albe-Fessard, 
1950). The electroplates are polygonal, 1 mm in width. Their appearance in cross-section is 
reminiscent of the organ of Sachs in Hlectrophorus, since although they are only about 100, thick, 
they occupy 500 compartments, and thus in the longitudinal direction they are separated by 
fairly wide extracellular spaces. Their orientation, is, however, the reverse of that in the organ of 
Sachs, since the nerve terminals are connected to the relatively smooth anterior surfaces of the 
electroplates. These nerve terminals are densely distributed over the nervous surface and, on 
staining, seem to occupy about 60% of the surface area. 

The fish were caught and stunned and then the brain was destroyed with a sharp knife, Blood 
for analysis of potassium and sodium content was taken from the heart. The lower two-thirds 
of the tail was cut off and then cut up into segments about 1-5 in. long. The skin was removed from 
these segments and the electric organ on each side was dissected free from the bone. 

After cleaning away all the extraneous tissue the electric organs were placed in aerated elas- 
mobranch Ringer’s solution. This solution was devised by Dr R. D. Keynes on the basis of the 
various analyses of blood plasma from elasmobranch fishes to be found in the literature. The 
composition is as follows: (mm) NaCl 250, KCl 5, CaCl, 4, MgCl, 2, urea 333-3, Na phosphate 
_ buffer 1-5; pH 7-4. These values for potassium and sodium were confirmed by estimation of 
the plasma. The mean for potassium was 4-7 mm (11 observations, range 3-4~6-1) and the mean 
for sodium was 275 mm (11 observations, range 235-306) and 4-5 mm-K* and 275 mm-Na* in one 
specimen of R. brachyura. Clotting was usually prevented by shaking the blood with glass beads 
and depositing the filaments of fibrinogen around them. Both ammonium oxalate and heparin 
were tried as anticoagulants, but these substances, particularly the oxalate, led to a certain 
amount of haemolysis. 

Potassium-rich solutions were made by substituting KCl for NaCl. Therefore a solution with 
60 mm-K*+ had 250 -55=195 mm Na+, but no difference in osmotic pressure or Cl- content. 
According to Boyle & Conway (1941) this method of altering the potassium in the external medium 
around amphibian muscle fibres would lead to appreciable swelling of the muscle fibres, but no 
alteration in intracellular potassium concentration. The change in Na concentration which results 
from this method was shown to have no effect on the electroplates. When changes in choride were 
studied, the NaCl in the Ringer’s solution was replaced by Na,SOQ,, keeping the Na+ concentration 
unchanged, i.e. the only change was substitution of the chloride by sulphate and a slight reduction 
in the osmotic pressure of the solution. When both the Na+ and Cl- were diminished, sufficient 
sucrose, dextrose or mannitol was added to keep the osmotic pressure of the solution constant. 
Hypertonic solutions were made by adding dextrose, mannitol or sucrose to the Ringer’s solution. 
Hypertonicity would also occur when NaCl was increased up to twice normal. Alterations in 
CaCl, or MgCl, were small and: were never compensated for. Drugs, e.g. tubocurarine chloride 
and prostigmine sulphate, were added in such small relative volumes of solution (0-5 ml. in 50 ml.) 
that the corresponding dilution (1%) in the Ringer’s solution would be negligible. 

The experimental equipment was identical to that used on Electrophorus electricus (Fig. 1, 
Keynes & Martins-Ferreira, 1953). Since the electrical equipment, the lay-out of the slice and the 
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pr of micro-electrodes have already been described in detail (Keynes & Martins- 
Ferreira, 1953), only points of difference will be commented on here. The slice was stimulated by 
passing current between the two Ag—Ag(l grids (Keynes & Martins-Ferreira, 1953); the method of 
generating current was not, however, identical with that described. A square wave stimulator 
which was locked to the sweep was used to trigger a Carpenter high-speed type relay in order to 
obtain a pulse with a duration of 300-500, sec. 

All experiments were carried out at room temperature. Micro-electrodes were drawn by hand 
from Pyrex glass tubing. They were filled with 3m-KCl at 80-90° C by boiling under reduced 
pressure. Pairs of micro-electrodes were chosen with similar characteristics, though if the limits 
taken are too narrow too many micro-electrodes would have to be discarded (see Keynes & 
Martins-Ferreira, 1953). 

Difficulty in penetration with micro-electrodes was frequently encountered. It was found 
particularly in organs obtained from larger fish, where it was possible to break many pairs of 
micro-electrodes and to fail to record from any electroplate. In general, electroplates selected for 
this present investigation were situated in slices cut from approximately the middle of the electric 
organ. Electroplates in more rostral slices seemed to be covered by a thicker connective-tissue — 
layer and were penetrated with difficulty. In the more caudal regions the electroplates were 
smaller. 

Sources of error in the potential measurements. (a) The time constants of the micro-electrodes 
and cathode-follower circuits were usually in the vicinity of 50usec. Such a time constant would 
have a very small effect on the amplitude and none on the duration of the action potential, as the 
time course of the action potential was very long. (b) All potentials were measured on grids of 
100 mV (composed of 10 mV steps). This eliminated errors due to curvature of the oscilloscope 
face. (c) Junctional potentials at the tips of the micro-electrodes (Adrian, 1956), were not mea- 
sured, but since most of the electrodes used had resistances under 10 MQ (the range 5-7 MQ was 
preferred), they were probably not large. (d) Since the electrodes used were usually 0-5-1 dia- 
meter at their tips with a series resistance of 4-10 MQ, and the input was led to a high-resistance 
amplifier, the short-circuiting of the membrane will be negligible. (¢) Care was taken that all 
measurements were made on intact electroplates. Any electroplate showing an abnormally low 
resting or action potential was immediately discarded. (f) Where several penetrations were made 
into the same electroplate, it was found that there was no significant alteration in resting or action 
potential (at least in the majority of electroplates). However, there was a variability in resting 
potentials and in action potentials observed even between neighbouring electroplates. 


4 2 


RESULTS 
Resting potentials of individual electroplates 
When a micro-electrode was lowered through the surface of the electroplate 
(position b, Fig. 1.4), a resting potential of about —65 mV was recorded, the 
interior being negative with respect to the extracellular electrode, as in all 
other excitable tissues. Withdrawal of the electrode to the original position 


usually reduced the recorded potential to zero. However, occasionally there 
_ was a slight variation between the two potentials which might occur in either 


a positive or negative direction. This variation was rarely more than +5 mV 
and was attributed to slight alterations in the tip potential. If, instead of | 
withdrawing the micro-electrode, it was forced into the extracellular fluid 
on the other side of the electroplate, the potential between the two electrodes 
was also approximately zero (record ¢, taken in position c, Fig 1.4). Since the 
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variation in potential was no greater than that observed on withdrawal, it was 
concluded that, in the resting state, there is no potential difference across 
an electroplate, i.e. that a resting potential of —65 mV exists across both 
faces. Repeated insertions into any particular undamaged electroplate showed 
no significant alteration in the resting potentials recorded over the whole 
surface of the innervated face. However, when initially electroplates had 
low resting potentials, there was a further decrease in resting potential if 


Fig. 1. Membrane potentials from an electroplate recorded with micro-electrodes in the three 
positions a, b, and c, when the approach was made from the innervated face (A); or in the 
positions a,, b,, and c,, when the approach was from the non-nervous face (B). The diagram- 
matic representation of these positions is drawn on the right-hand side. Potential scales are 
the same; time scales as indicated. 


several insertions were made. Such electroplates were presumably already 
damaged, and continued insertions increased the pre-existing injury. Neigh- 
bouring electroplates often showed a variation in resting potential, usually in 
the range of +5 mV, though greater ranges were not infrequent. Resting 
potentials of electroplates which were left exposed to the Ringer’s solution 


were often inclined to increase slowly with time. The source of this increase 


was not discovered. 


The response recorded following electrical sineniletiins 


In Fig. 146 the slice was stimulated after the micro-electrode had been 
inserted into the electroplate. The response across the innervated. face is 
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approximately 65 mV with a time to peak of approximately 4 msec and a time 
for half-decay of 8-5 msec. The total duration was 30 msec, though the range 
was 15-60 msec in different animals. If the micro-electrode was then pushed 
on through the non-nervous face, the steady potential returned to. approxi- 
mately zero, but the response recorded across the whole of the electroplate was 
a large fraction of that recorded across the innervated face. The difference in 
the responses recorded in positions b and c (Fig. 1.4) might all be explicable 


_ by a voltage drop across the resistance of the intracellular space and the non- 


nervous face produced by current flow during the discharge. Certainly some 
of the voltage recorded across the non-nervous face would arise in this way, _ 
but part could be due to a small active potential on the non-nervous face. 


Fig. 2. The responses to electrical stimulation recorded in position b (see diagram below) 

on alteration in stimulus strengths. 

In Fig. 1.Bb,, a response across the non-nervous face (directly recorded) is 
shown to be of the same polarity and time course as that recorded from the 
nervous. face (cf. Fig. 146), but the amplitude was much smaller. If the 
response was recorded across the whole electroplate, then it was reversed in 


polarity from that recorded in position ¢ in Fig. 1.4. This is expected, as the 


electrodes in position c, (Fig. 1B) are the reverse of those in position c 
(Fig. 1.4). Sincé the innervated face undoubtedly is the important factor in 
generating an electrical response, most of the experimental work was confined 
to observations on the effects of ionic change on it, though occasionally records 
were taken across the whole electroplate. | : 
The responses described in detail above are all responses to supramaximal 
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stimuli. Reduction of stimulus strength to threshold showed that these electro- 
plates do not respond in an all-or-nothing manner. In Fig. 2 there were three 
steps in amplitude between threshold value and the maximal. Presumably 
each electroplate is innervated by several nerve fibres with different thresholds 
(as Albe-Fessard (1950) has shown in Torpedo) and each nerve fibre supplies 
a variable number of presynaptic endings on any particular electroplate. 
The response at threshold (Fig. 2) has a latency of about 3 msec, which 
is reduced to about half by an increase in stimulus strength. At no time could 
a response be obtained earlier than after 1-5 msec delay. Though currents in 
either direction were equally effective in producing a response, they were 
always applied passing in one direction only. The blockage of responses by 
curare and the increase in duration by prostigmine (see later), also confirmed 
the hypothesis that impulses in nerve fibres produce the electrical response 
recorded across the active surface of the electroplate. That is, the fine nerve 


' Non-nervous 


20 msec 20 msec 20 msec 


Fig. 3. The responses of electrical stimulation recorded across the innervated face in A and B 
and also across the whole electroplate (position c, C). Alteration of stimulus strengths to 
illustrate activity from neighbouring electroplates. Responses are unduly prolonged in B 
as the Ringer’s solution has only 50% NaCl (replacement by sucrose). Same potential scale; 
time scales as indicated. 


fibres interlaced over the surface are stimulated by current flow and impulses 
in them induce activity in the electroplates, i.e. indirect stimulation. The 
electroplate membrane is believed to be electrically inexcitable (Fessard, 
1947; Grundfest, 1957; Keynes, 1957). 

In all records the discharge has been shown to be derived sisi activity in 
the electroplate that was being studied. Interference by response of active 
neighbouring electroplates could be recorded when the threshold of the nervous 
face under observation was considerably higher than that of the neighbouring 
plates. In Fig. 3.4 the electrical response of the surrounding tissue was equal 
to 5 mV in the opposite direction, i.e. the actual response was greater than that 
recorded. In B and C the correction would be still larger. Thus, under normal 
conditions of recording, interference from other electroplates may be quite 

considerable. 

From the records of Figs. 1 or 2 it would seem that the response consisted of 
a simple rise and decline, the peak of the response occurring about 2 msec 
after the start and the half-time for the decline being about 15 msec. Responses 
_ to electrical stimulation were identical if several observations were made after 
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one penetration of the innervated face, or if a series of penetrations were made 
in the same position. However, different types of responses were often ob- 
served when the micro-electrodes were moved to other parts of the electro- 
plate under observation. Such variations in the falling phase and extent of 
overshoot are probably related to asynchronism of the responses of the in- 
dividual nerve endings. 

As earlier stated, alterations sometimes occurred in the resting potentials of 
electroplates if exposed for a period of time to the Ray Ringer’s solution. 
This increase was often considerable (compare Fig. 4 # with D, and G with F). 


At the same time there was.an increase in size of ~ responses (£, G) as well 


Fig. 4. The responses to stimulation recorded across the nervous face (position b). The control 
response (A) is not much altered when left in Ringer’s solution for 45 min (B), or for 65 min 
(C). In another preparation from a different fish, D is the control from plate 1, and F from 
Ringer’s solution. 3 


as a marked lengthening of the estan. However, in other sbieiile little 


difference was apparent in the responses even after 60 min in Ray Ringer’s 
solution (compare Fig. 4B and C with A). 

Occasionally, while trying to adjust the micro-electrode for recording across — 
an electroplate (i.e. position c in Fig. 1 A), the micro-electrode slipped into the 
electroplate lying immediately below that under observation. In these cir- 
cumstances a resting potential of about —70 mV was observed. However, 
the response to electrical stimulation was now approximately doubled if com- — 
pared to that recorded in: position b (Fig. 5A). Remembering the series 
arrangement of the electroplates, the response recorded in Fig. 5C should be 
the sum of the response across one whole electroplate with the response across 
one innervated face. In this particular slice the superficial electroplate as a 
whole contributed about 40 mV (Fig. 5B) and its innervated face about 50 mV 
(Fig. 5.4). The response in Fig. 5C was 90 mV, as it should have been. Re- 
presenting the column of electroplates diagrammatically as m Fig. 6, it can 
be seen that, in the resting state, there will be no difference in potential 


_ between the head and the tail. During activity the action potential across the 
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innervated face has tentatively been given a slight reversal of 10 mV; such a 
reversal occurs in about half the electroplates. The potential across the non- 
nervous face is represented at —40 mV (the —70 mV resting potential with 
the 30 mV change during activity). On this basis each electroplate contributes 
50 mV to the total response, so that 200 electroplates in series might be 


Fig. 5. The responses to electrical stimulation across the nervous face (A); across the whole 
electroplate (B); and C was recorded when the micro-electrode penetrated through the 
innervated face of the plate beneath. All records with the same potential and time scale. 


At the peak 
A Head of activity 
At rest y 
mV | mV 


mV | 
| 


Tail | 


+ Current flow 
activity (B). During rest the charges obviously cancel out, so no net potential is recorded 


_ between the head and the tail; er negative with respect to 
the tail. 


expected to generate a 10 V response. Albe-Fessard (1950) recorded only 


from an intact fish, perhaps because of imperfect of the 
individual electroplates. 


The action of potassium — 
In this series of experiments extracellular potassium was increased at the 
expense of the sodium so that an increase in potassium was accompanied by 
a slight reduction in sodium ion concentration (Adrian, 1956). In Fig. 7, the 
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resting potentials at various external potassium concentrations are plotted 
against the logarithm of the external potassium concentration [K], for a 
series of observations on nine electroplates of one animal. Each observation 
is the mean of two or three records obtained from a particular electroplate, 
and each plotted symbol represents values for the same electroplate. For 
reasons of simplification the resting potentials on washing out the excess 
potassium are not shown. These had, without exception, returned to the 
original values or slightly higher, indicating a complete reversibility in 


_ potassium action. In this particular experiment the controls in normal 


potassium (5 mm) were taken and then the slices were soaked in potassium-rich 


| 


Resting potential (mV) 
6s 


5 10 20 50 
[K}o (mm) 

Fig. 7. The plot of resting potential versus the external potassium concentration [K]o; semi- 
logarithmic scale. The controls are shown at the left-hand side, i.e. in 5 mm-K+ Ringer’s 
solution, To avoid confusion a few of these controls were transposed slightly to the left so 
that all controls are clearly indicated (the potassium concentration not being altered). The 
line is drawn to indicate the gradient of 58 mV for a tenfold change in potassium concentra- 


Ringer’s solution for 20-30 min in order to permit diffusion of potassium 
through to the innervated face. Presumably the high external potassium — 


_ concentration initially depolarizes the face most exposed to the solution (i.e. 
_ the innervated face). In that case the depolarization would be then confined 


only to this surface and current would flow to the depolarized area from the 
rest of the electroplate; but eventually the potassium-rich solutions would 


_ diffuse through the slice and directly affect the non-nervous face, so that, after 
- acertain time of exposure to potassium-rich solutions, both faces of the electro- 
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plates are equally depolarized. From Fig. 7 it may be observed that the resting 
potential follows a roughly linear relation when plotted against the logarithm 
of the external potassium concentration, for values above about 10 mm-K+. 
The line is drawn with a slope of 58 mV for a tenfold change in [K]», this being 
the value predicted by the Nernst equation for a situation in which the internal 
potassium concentration does not alter. The points fit the theoretical line 
fairly well, showing that, as in frog muscle (Adrian, 1956), the Nernst rela- 
tion is followed rather closely in the higher range of potassium coneentrations. 


a 25-7 
A C 
24 
> 
E 
41 
G H 
61-3 
a b 


Fig. 8. The responses to electrical stimulation recorded across the innervated face (position } in 
3 diagram), before, during and after increases in external potassium levels. A, D, G, J are the 
control observations; B, H, H and K are the result of exposing the different electroplates to 
25-7, 24, 4b and 61-3 mm-Kt, respectively; C, F, I, and L are the respective ‘recovery’ 
responses after 20 min in Ringer’s solution. M is response L taken after 40 min in Ringer’s 
solution. All records at the same amplification and sweep speed. 


/ 

In Fig. 8 an increase in potassium concentration from 5 to 25-7, 24, 41 and 
61-3 mm caused a reduction in the resting potential (B, H, H, and K, respec- 
tively. At potassium concentrations greater than 33 mm the electroplates 
were inexcitable (Fig. 8H). However, the recovery of excitability was com- 
_ pleted within a few minutes of immersion in 5 mm-K+ Ringer’s solution 
(Fig. 8Z), though very high potassium levels required longer ‘soaking times 
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(Fig. 8L, M). This loss of excitability concomitant with a reduction in resting 
potential is characteristic of other excitable tissues, e.g. nerve fibres (Huxley & 
Staémpfli, 1951) and muscle fibres (Jenerick & Gerard, 1953). 

At concentrations of potassium between 5 and 33 mm responses were still 
recorded following stimulation. In Fig. 8 there are two examples shown of 
such responses in Ringer's solution containing approximately five times the 
normal K+ content. The amplitude of the response was reduced in both cases 
though the actual voltage at the maximum was not greatly altered from the 
control (cf. Fig. 8B and A; E and D). The significant finding was a marked 
increase in duration of all responses under these circumstances. Even at 
10 mm-K+ (i.e. twice normal) the duration was doubled. In C, F, I and M, 
the electrical responses had almost returned to the original amplitude though 
durations of responses were slightly increased but not markedly so. In con- 
trast to the electroplates of Electrophorus (Keynes & Martins-Ferreira, 1953), 
the effects of even very high potassium concentrations on the Ray electric 
organ have always been completely reversible, though recovery from concen- 
trations of 55-65 mm-K+ may take as long as 30 min. 


The effect. of replacement of NaCl by Na,SO,: reduction 
in the chloride concentration 


In these circumstances of replacement, the external concentration of sodium ions can be kept 
constant. However, there is the possibility that the concentration of sulphate ions in the external 
environment could alter the electrical properties of the membrane. This was tested out on 
amphibian muscle fibres. After intracellularly recording muscle spikes to indirect stimulation, 


the frog sartorius preparation (Raia temporaria) was immersed for 30 min in a Ringer’s solution 


in which all the NaCl was replaced by Na,SO, (the concentration of Na+ being kept constant). 
Under these conditions the chloride ion concentration was not zero, since both potassium and 
calcium were added in the form of the chloride salt. After immersion in this sulphate Ringer’s 
solution there was no appreciable change in the resting potential or in the size and time course of 


the action potential. Similar observations have been made by Harris & Martins-Ferreira (1955) | 


on muscles of the South American frog, Leptodactylus ocelatus. . 


Complete replacement of the NaCl by Na,SO, in the elasmobranch Ringer’s 
solution reduced the chloride concentration from 277 to 17 mm. A series of 
experiments indicated that complete replacement of the NaCl by Na,SO, had 
no significant effect on the resting potential. However, it must not be therefore 
inferred that chloride ions make no significant contribution to the resting 
potential, for such factors as a reduction of potassium permeability and an 
effective contribution by the high concentration of sulphate ions might counter- 
balance the effect produced by depletion of chloride (Adrian, 1956). 

If half the sodium chloride was replaced by sodium sulphate, there was a 
small reduction in the size of the response with no appreciable effect on the 
time course (compare Fig. 9B with A). If the NaCl concentration was now 


reduced. to a quarter of the control, the size of the electrical response was 
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correspondingly decreased, the time course again being practically unaltered 
(C). The more usual observation in sulphate Ringer’s solution was an accelera- 
tion in the decline of the response. In another preparation complete replace- 
ment of the NaCl by Na,SO, led to virtual inexcitability of the electroplate 
under observation (Z), but when NaCl was substituted for the Na,SO, 
Ringer’s solution the electroplate quickly recovered to give a response (F) 
- comparable with the initial response. The concentration of SO,?~ in the sul- 
phate Ringer’s solution was 149 mm and this could lead to a combination of 
calcium and sulphate ions to form the undissociated calcium sulphate. Thus 


> 
125 mm-NaCl 62:5 mm-NaCl 


50 mV 


Fig. 9. The responses to electrical stimulation as recorded across the innervated face alone (A, B’ 


and (C), or across both the innervated face and the whole plate (D, HZ and F). A is the con- 
trol, B recorded after 30 min in 50% Na,SO,, 50% NaCl, C recorded after 20 min in 75% 
Na,SO,, 25% NaCl # was the result of soaking in 100% Na,SO, and F shows recovery 
almost back to the control (D) (D-—F from another preparation). Upper potential and time 
scales for A-C, lower scales for D-F. 


the inexcitability could be due to a reduction of Ca*+ ions in the external 
environment rather than to a direct effect of sulphate ions, or lack of chloride 
ions. In the superior cervical ganglion of the cat, Hutter & Kostial (1954) 
- showed that an increase in calcium ions may double the amount of acetyl- 
choline ions released by stimulation from the preganglionic terminals. Simi- 
larly, the amount of acetylcholine liberated at amphibian nerve endings is 
known to be a function of the concentration of calcium ions (del Castillo & 


Stark, 1952), a decrease in extracellular calcium Erocening a reduction in | 


size of e.p.p. 
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The effect of reduction in both the sodium and chloride concentrations 


In order to keep the crystalloid osmotic pressure of the Ray Ringer’s solu- 
tion constant, an un-ionized substance like sucrose, glucose or mannitol was 
added in appropriate quantities. When the concentration of NaCl in the 
Ringer’s solution was reduced to less than a quarter of the normal value, 


there was usually a reversible decrease of the resting potential of these 
electroplates. 
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Fig. 10. Membrane potentials recorded during stimulation across the innervated face and the 
whole electroplate A-I, with the exception of B and C which were taken across the nervous 
face alone. B was the effect after soaking in zero NaCl Ringer’s solution (sucrose replace- 
ment) and C the recovery figure which is similar to the control (A). D-I were taken from 
another electroplate to show the effect of 50% replacement of NaCl by sucrose; HZ after 
15 min, F after 30 min, @ after 45 min in 50% NaCl. H was the control after 15 min, and 
J after 30 min in normal NaCl Ringer’s solution. 


If the NaCl in the Ray Ringer’s solution was completely replaced by sucrose, 
the electroplate became inexcitable (cf. Fig. 10B). This effect was partly 
reversible (compare Fig. 100 with A). If only part of the NaCl was replaced, 
the electroplate did not lose its excitability though the time course of the 
Tesponse was prolonged. The time to summit was often increased, but there- 
after there was always a considerable lengthening of the response. As shown 


_ typically in Fig. 102, F and G, the onset of the decline was delayed so that 
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there was a plateau-like summit of the response and the subsequent decline 
was slowed. These effects were fully developed in 15 min (#), and further 
immersions (F’, G) caused no alteration in the potential size or time course. 
If the bathing fluid was then replaced by the normal elasmobranch Ringer’s 
solution containing 250 mm-NaCl, the response reverted to its original form 
(compare Fig. 10H and I with D). | 
Finally, on several different preparations the effect of NaCl depletion w 
directly compared with that produced by depletion of chloride ions alone. 


Sulphate Sucrose 
_ replacement replacement 
125 mm-NaCl 125 mm-NaCl 


\ 


20 msec Non-nervous 


Nervous | 


Fig. 11. The membrane potentials following stimulation. The micro-electrodes were either across 
the nervous face (position 6) or the whole electroplate (position c), H-I were taken from 
another electroplate from the same fish as A—D. A and £ are the controls; B and F after 
soaking in 50% NaCl, 50% Na,SO, and 25% NaCl, 75% Na,SO,, respectively. C and @ are 
recorded after returning to normal NaCl Ringer’s solution; D and H are the result of replacing 
50 and 75% NaCl, respectively, with sucrose. J was identical with H but taken at a slower 


_ sweep. Soaking times in all solutions were constant, 20 min. All dsatthesameamplifica- 


tion and, with the exception of J, at the same sweep. 


Fig. 11 is constructed from a series of records from one particular animal. Each 
horizontal line represents observations from one electroplate, so that there 
were two electroplates used from two different slices (A—D, E-I). In B and F 
the electroplates were soaked in solutions containing respectively only 50 
and 25% NaCl (with Na,SO, replacement). The responses to stimulation 
partially recovered after removal to the NaCl Ringer’s solution (C and@). If, 
however, they were placed in 50 and 25% NaCl with sucrose replacement 
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(D and H, respectively), then the amplitude of the response was unaffected 
though the duration was increased (especially in the 25° NaCl (H and I)). 
Therefore, from this composite figure and Figs. 9 and 10 it may be concluded ~ 
that reduction in NaCl except at very low concentrations (Fig. 10) has no 
appreciable effect on the size of the response but increases the time course, 
whereas reduction in chloride alone reduces and shortens the response. 


The effect of hypertonic solutions containing the normal ion distribution 
with added mannitol, glucose or sucrose 
It was important to check the effect of these carbohydrates since, as just 
observed, reduction of NaCl (and replacement by one of these substances) 
caused a marked prolongation of the electrical response. An elasmobranch 
Ringer’s solution with mannitol 52 mm or glucose 52-5 mm added to it pro- 
duced no significant alteration in the resting potential, and a slight reduction 


$2 m™ mannitol 52'5 mM glucose 


nervous 

oo’ 12. Membrane potentials at rest and during activity when the external bathing solution was 
hypertonic. All records were obtained across the innervated face. The controls were A, C and 
E. B was recorded after addition of 52mm mannitol to 4; D was recorded after addition of 
52-5 mm glucose to C; F was recorded after addition of 73 mm mannitol to Z, and G was the 
response F at a slower sweep speed (indicated below hi A-G at the same amplification; 
A-F at the same sweep speed. — 


in the size of the electrical response with no alteration in the time course 


(Fig. 12B and D respectively). At the same time the hypertonic ‘mannitol- 


Ringer’ but not the ‘glucose-Ringer’ produced a considerable shrinkage of these 
electroplates. It was observed, however, that a very high concentration of 
mannitol (175% normal osmotic pressure) caused a lengthening of the poten- 
tial (F) whose full time course was recorded in G. In conclusion it may be 
stated that the lengthening of the response after reduction of the NaCl is not 
fully explicable as a side effect from the substances used to maintain the os- 
motic pressure, since the marked lengthening of the electrical response occurred 
in 50% replacement by mannitol (not illustrated) though the same amount of 
mannitol added to the solution had little action (Fig. 12). Despite the micro- 


on the resting potential. 
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The effect of increasing the NaCl concentration in the Ringer’s solution 

The addition of NaCl to Ringer’s solution will lead to three effects: (1) in- 
crease in Nat concentration, (2) increase in Cl- concentration, and (3) an 
increase in the osmotic pressure of the extracellular fluid bathing the electro- 
plates. The third effect can be judged by comparing the responses following 
increased osmotic pressure produced either by NaCl or by the carbohydrates, 
mannitol, sucrose or glucose. Mannitol, sucrose and glucose have no effect 
on the resting potential and in very high concentrations cause a reduction 
and lengthening of the response. An increase in NaCl from 250 to 416 mm led 
first to a reduction in the size and shortening of the time course of the action 
potential (cf. Fig. 134 and B), but with continued soaking there was a 
gradual recovery towards the normal response, so that after 90 min immersion 
the amplitude and time course of the response were not significantly different 


mM-NaCl 
a 416 416 416 


20 msec 437 


Fig. 13. Membrane penta. at rest and during activity when the external Ringer’ s solution was 
made hypertonic with excess NaCl. A was the control response; B, C, D were recorded after 
30, 60, 90 min, respectively, in 416 mm-NaCl and £ after 60 min in 250 mm-NaCl. F-J were 
obtained from another electroplate; F was the control response; @ and H after 20 and 40 min 
in 437 mm-NaCl; J and J after 20 and 40 min in normal NaCl. All records were taken at the 
same speed and amplification. 


from the original control (compare D with A). Removal of the electroplates 
to normal (250 mm) NaCl Ringer’s solution caused an increase in the ampli- 
tude of the response (#). The increase in sodium chloride seemed to produce 
a significant increase in the resting potential (compare Fig. 13B with A). 
However, the final control (Z) was greater than the original (A), so this 
apparent increase in resting potential in high-NaCl Ringer’s solution need 
not be significant. From a long series of experiments using high external 
NaCl concentrations it was concluded that slight increases in external NaCl 
have either no effect or cause a slight increase, whereas concentrations of 
500 mm or more (i.e. twice the normal) cause a depression of the resting poten- 
tial, As far as possible, observations were confined to intact electroplates 
fairly near the surface so that soaking times of 20-30 min would be sufficient 
(though often full effects were obtained in 15 min). Fig. 13 F-J illustrates 
observations taken presumably from an electroplate more deeply situated in a 
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slice. The increase in NaCl to 437 mm had not had an effect on the size of the 
response potential after 20 min though the time course of the declining phase 
had been noticeably accelerated (compare G and F). The full impact of the 
NaCl was obtained later when the depression in the amplitude occurred with 
. reduction of the time course (H). This effect was rapidly and completely re- 
versible (J and J). 

In summary, it appears that a large increase in external NaCl depresses 
the electrical responses, and at all NaCl concentrations greater than 250 mm 
there is a marked acceleration in time course. 


. “The effect of a reduction in calevum or magnesium ions 
In Fig. 14 reduction of calcium to 2 mm (i.e. to half the normal concentra- 
tion) (B) or to zero (#) did not affect the resting potential. In zero calcium 


20 msec 


F 


> 
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WV 


Nervous 


Non- 
nervous 
Fig. 14. The membrane potentials at rest and during activity recorded across the innervated face 
alone (A to F and J, K) or across the whole plate as well (@-J), A and D are the controls 
before reduction of calcium to half normal (B) or to zero (Z); in the absence of response, only 
the resting potential is shown in Z; C and F are the appropriate recovery observations. G 
and J are the controls; H and K are the responses when the Ringer’s solution has no mag- 
nesium and J is the recovery figure after H. The same amplification was used throughout; 
A-F were taken at the slightly slower sweep indicated below C. G-K at the sweep speed 
shown below J. i 
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solutions the electroplates became reversibly inexcitable (not illustrated), as 
some other tissues do if soaked in their appropriate Ca-free Ringer’s solutions, 
e.g. frog nerve (Frankenhaeuser, 1957) and cephalopod axons (Franken- 
haeuser, Hodgkin & Keynes, unpublished observations). If instead of a 
drastic reduction to zero the calcium is reduced to half the normal, i.e. to 
2 mM, then the time course of the response is unaltered though the amplitude 
is slightly lowered (Fig. 14.B). Magnesium, on the other hand, has the opposite 
effect on the response to stimulation with no significant effect on resting poten- 
tial. In Fig. 14 the effects of reduction to zero are shown on two different 
preparations, since in the better preparation (Fig. 14/7, K) recovery in normal 
magnesium was not investigated. The amplitude of the response in zero 
magnesium concentration was usually increased and the duration was 
lengthened. That this lengthening of the declining phase is genuine is shown by 
the figure obtained on recovery (J) when the duration of the response (in 
position b) returned to the original values. In another preparation the removal 
| magnesium from the Ringer’s solution caused a much more pronounced 
increase in the height and duration of the electrical response (compare K 
and J). 

These actions of calcium and magnesium ions on electroplate activity are 
identical with those already described for amphibian end-plate potentials 
(del Castillo & Stark, 1952; del Castillo & Engbaek, 1954). At the amphibian 


end-plate the amount of transmitter released was shown to be dependent on © 


the relative amounts of calcium and magnesium. A reduction in calcium caused 
a depletion in acetylcholine liberation, whereas excess magnesium decreased 
the liberation of acetylcholine, reduced the depolarizing action of acetylcholine 
on the end-plate and depressed the excitability of the post-synaptic membrane 
(del Castillo & Engbaek, 1954). 


The effect of tubocurarine chloride 


Tabovurites chloride in concentrations which produce blockage of neuro- 
muscular transmission in amphibian muscle also caused a reduction in the 
amplitude of the electrical response in electroplates, though no alteration in 
the resting potential. In Fig. 15 tubocurarine chloride, in a concentration of 
2-5 x 10-°m, halved the amplitude and greatly reduced the duration. When 


the soaking time was prolonged for a further 20 min the response was com- 


pletely blocked, i.e. in agreement with the findings of Schoffeniels (1958). 
Removal of the tubocurarine chloride from the solution led to partial recovery 
of the electrical response, whose amplitude returned to normal though the 
total duration was still shorcened. As already stated in the methods, these 
electroplates are believed to be electrically inexcitable (Albe-Fessard, 1950). 
The passage of current between the two grids stimulated the fine nerve nets 
over the surface, which then in turn excited the electroplate. Therefore the 
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blockage by tubocurarine of the response of the electroplates to stimulation 
lends support to the hypothesis that the mechanism of transmission from 
nerve to electroplate is cholinergic. | 


Ww 


Fig. 15, The membrane potentials recorded at rest and during activity either when the micro- . ; 
electrodes were in position b or across the whole plate (position c). B was the response after : bs 
soaking in 2-5 x 10-*m tubocurarine, C the partially recovered response. All records were 6h 
taken with the same amplification and sweep speed. | , 


20 msec 
4 


WoW. 


Non-nervous 


Fig. 16, The membrane potentials recorded at rest and during activity when the micro-electrodes 
were in position b (see diagram). A and B the controls, C and D after 20 min, and EH, F after 
40 min in 1-6x10-'m prostigmine; G and H after 30 min in Ringer’s solution without 
anticholinesterase. 
The effect of an anticholinesterase, prostigmine sulphate — 

An example of anticholinesterase action on the potentials across the inner- | 
vated face of electroplates is shown in Fig. 16. After 20 min immersion in the 2). 
solution of prostigmine, 1-6 x 10-5m, the resting potential was not altered | ; 
(C, D), nor was the peak of the response much delayed (compare A with C), 
whereas the declining phase was greatly lengthened. A further immersion in 
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the solution produced a further lengthening in the total duration of the action 
potential (Z, F) with no effect on amplitude or rising phase. After washing 
out the prostigmine for 30 min (G, H) there was still no recovery towards the 
control time course. Such a result gives strong support to the hypothesis that 
the electroplate activation is cholinergic. In the presence of anticholinesterase 
the acetylcholine liberated from the ‘motor’ nerves persists for a longer time 
in the environment of the innervated face, and therefore the duration of the 
depolarization is lengthened, just as occurs with the end-plate potential of 
muscle (Eccles, Katz & Kuffler, 1942; Eccles & Macfarlane, 1949; Fatt & 
Katz, 1951). | 


DISCUSSION 


In the Ray electroplate a linear relationship is observed between the resting 
_ potential and the logarithm of the external potassium concentration at high 

_ potassium levels. In Electrophorus doubling the external potassium concentra- 
tion produced a change of only 10-9 mV, instead of about 17 mV according 
to the Nernst equation (Keynes & Martins-Ferreira, 1953). It seemed likely 
that if higher potassium concentrations could have been tested in Electro- 
phorus a closer approximation to the 58mV gradient might have been recorded. 
However, in Electrophorus irreversible damage was produced by concentra- 


tions of potassium in excess of 25 mm, which is a contrast to the tolerance | 


displayed by the Ray electroplate. : 

Calcium and magnesium ions, as well as the drugs prostigmine sulphate and 
tubocurarine chloride, were observed to have no significant effect on the resting 
potential of the Ray electroplate. Replacement of the chloride ion by sul- 
phate had no significant effect on the resting potential, though this does not 
necessarily indicate that movement of chloride ions makes no contribution to 
the resting potential (Adrian, 1956). Reduction in the external sodium and 
chloride concentrations (with replacement by sucrose, mannitol or glucose) 
_ gave a slight reduction in the resting potential similar to that observed on 
amphibian muscle fibres by Nastuk & Hodgkin (1950) and Adrian (1956). In 
conclusion it appears that the flux of potassium ions across the surface mem- 
brane of the eléctroplate exerts a predominant action on the resting potential, 
though minor contributions from other sources have not been excluded. 

The main question under investigation has been: What indications do the 
present experiments give of the ionic changes occurring across a membrane 
during activity? Intracellular recording has shown that the resting potential 
of approximately —70 mV virtually disappeared at the peak of activity, 
sometimes not reaching the zero potential and occasionally reversing (but 
rarely more than by 5-10 mV). This electric organ thus almost fulfils Bern- 
stein’s hypothesis (1912) that in the resting state of the electric organ there 
are equal and opposite charges on the two faces of each electroplate, while, at 
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the peak of activity the charge on one of the faces of each electroplate collapses 
and the recorded potential of the serially assembled electroplates results from 
the sum of potentials on the other faces, which in the Ray would be the 
potentials across the non-nervous faces. 

Since the size of the electrical response of a single electroplate is equal to its 
membrane potential, it seems that the transmitter substance, liberated from 
the nerve terminals, causes a great increase in ion permeability of the nervous 
face of the electroplate membrane. This increase in ion permeability could be 
either a highly selective process involving the transport of one ion species, 
as for example occurs with Nat in the rising phase of the nerve impulse 
(Hodgkin & Huxley, 1952), or it could be non-selective as for example occurs 
with the end-plate potential of amphibian muscle (Fatt & Katz, 1951; del 
Castillo & Katz, 1956). Since under normal conditions the active membrane 
potential rarely appears to be outside the + 10 mV range, this increase in per- 
meability could be largely non-selective. Ifthe membrane, on the other hand, 
became selectively permeable to sodium ions, the action potential would tend 
to approach the potential for a sodium electrode. No accurate measurements of 
the intracellular sodium concentration have been made, but it. is likely that 
the value for the sodium equilibrium potential would be of the same order as 
for other excitable cells, e.g. +38 mV for axons from Loligo (cf. Hodgkin, 
1951). The occasionally observed reversals of membrane potential during 
activity indicate that some special contribution is made by the permeability 
of sodium ions in addition to the diffusional movements which they share 
with all ions. | 

It may be noted that the amplitude of the action potential of the electroplate 
is not altered by large reduction in external NaCl though there is a delayed 
rate of rise and fall of the action potential. This agrees with the finding of 
Fatt & Katz (1951) that replacement of NaCl by sucrose led similarly to slower 
rates of rise and fall of the amphibian e.p.p.s. The total duration of such an 
e.p.p. in amphibian Ringer’s solution with only a fifth the normal sodium 
chloride is often doubled, an effect comparable with that observed with the 
Ray electroplate (Fig. 10). Fatt (1954) has suggested that sodium facilitates 
the action of the receptor, by which might be implied either that there is an 
increase in transmitter—receptor combination or that this transmitter-receptor 
complex was more effective in producing local depolarization of the post- 
synaptic membrane. Since it seems probable that transmission across the 
junctional region of the Ray electroplate is also cholinergic, it may be pre-, 
sumed that sodium ions likewise facilitate the action of the transmitter on the 
receptor, 

The reduction in amplitude and also in duration in Na,SO, Ringer’s solution 
was probably not of significance. It seemed likely, as already stated in the 
results, that the free calcium ion concentration could have been diminished 
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by the presence of the sulphate ion. Any reduction in the response could then 
be explicable as due to either a blockage of a proportion of the nerve fibres 
supplying the electroplate under observation, or an effect on the amount of 
transmitter released at the terminals, rather than as due to a direct action on 
the generation of a response by the electroplate membrane. Thus it does not 
seem possible to offer an explanation of the effect of chloride concentration on 
the electroplate without consideration of side reactions. Since reduction of 
chloride ions by replacement with Na,SO, led to shortening of the duration, 
and since reduction of chloride (and sodium) led to an enormous increase in 
the duration of the response, it would seem unlikely that movement of chloride 
ions plays a very important role in the repolarization of the — after 

activity. 


TaBLE 1. This table summarizes the factors affecting the duration of the response to electrical 
stimulation. The increase in duration by prolonged soaking in Ringer’s solution was not a 
constant finding; it seemed to vary between animals. All the other effects were always 

_ observed 


Duration of response increased by Duration of response decreased by 
Decrease in Na* and Cl- Increase in Na+ and Cl- 
Increase in K+ and Cl- Decrease in Cl- 
Prostigmine High oamotis 
High osmotic varbohydrat igh osmotic pressure—solid NaCl 
Prolonged soaking i in Ringer’ s solution 
Absence of Mg*+ 


Absence of Ca**, no effect | 


In Table 1 all the factors influencing the duration of the response have been 
summarized. Certain effects are difficult to explain; e.g. why did prolonged 
soaking in Ringer’s solution seem to increase resting potential and the duration 
‘of the response in certain fish and not others? Tentatively this has been as- 
cribed to progressive ionic changes, but it is doubtful if sodium and potassium 
are involved because the Ray Ringer’s solution had approximately the same 
concentrations as the plasma. Alternatively, it could be that the electroplates 
are initially slightly anoxic, and that on exposure to the aerated environment 
the electrical responses recover gradually, owing to the reversal of the un- 
favourable conditions (Fatt & Woodin, 1953). The increase in duration in high 
external potassium contrasts with the slight occasional reduction in duration 
reported in Electrophorus (Keynes & Martins-Ferreira, 1953). 

In conclusion, it appears that the electroplate response is very similar to 
the end-plate potential of amphibian or mammalian muscle.. In particular, 
the effects of extracellular changes in magnesium, calcium or sodium ions 
are identical, The blockage by curareand prolongation by the anticholinesterase 
prostigmine indicate that the nerve-electroplate junction like the nerve- 
muscle junction is cholinergic. 

The function of these electric organs remains obscure. It is well known that 
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only violent rubbing or pinching the skin can produce, with great difficulty, 
an electric discharge (Albe-Fessard, 1950). This suggests that the receptors 
for the reflex discharge are unlikely to be sensitive to touch or deep pressure. 
When the receptors are found which reflexly cause the discharge of electric 
organs, it should be possible to investigate the functional significance of these 
we organs (Keynes, 1956, 1957). 


SUMMARY 


1. The discharges of individual electroplates of the Raia clavata have been 
studied in organs isolated from the animal using intracellular electrodes. 

2. Resting potentials of these electroplates were in the range of 60-70 mV 
and were unaffected by alterations in the extracellular magnesium, calcium 
and chloride ions, but were slightly reduced in sodium-free solutions. 

3. At high potassium concentrations there was a linear relationship between 
the logarithm of the concentration and the resting potential, with a pation 
of 58 mV for a tenfold increase in potassium concentration. 

4. The response to stimulation resembled the end-plate potential of the 
amphibian muscle, Its peak voltage was usually near the zero potential line 
(+10 mV) and it rose to a peak in about 3 msec and declined to the normal 
resting potential level in about 25 msec (range = 15-60 msec). 

5. The electroplates became inexcitable after immersion in calcium- or 
chloride-free solutions or in solutions with high extracellular potassium con- 
centrations. 

6. Investigations of the effects of diflenees: ions on the size me time course of 
the response did not allow any conclusions to be drawn except that movement 
of chloride ions does not appear to be important in the recovery phase. 

7. The effects of tubocurarine chloride and prostigmine lend support to the 
belief that transmission at the nerve-electroplate junction is cholinergic. 
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take this work and his many suggestions which helped them during the course of the experiments ; 
they gratefully acknowledge their indebtedness to Professor A. L. Hodgkin for his hospitality and 
the facilities he placed at their disposal at Cambridge, and to Professor Eccles at the Australian 
National University for his criticism of this manuscript. Grants from the Nuffield Trust and the 
Rockefeller Foundation paid for the expense incurred in transporting the fish to Cambridge. 


REFERENCES 


Apgian, R. H. (1956). The effect of internal and external potassium concentration on the mem- 
brane potential of frog muscle. J. Physiol. 133, 631-658. 

ALBE-Fessarp, D. Les caractéres de la décharge des poissons ¢lectriques. Arch. Sci. 
physiol. 4, ‘299-334 

Bernsrem, J. (1912). Blektrobiologie, Brunswick: Wieweg. 

Boyzg, P. J. rt ag J. (1941). Potassium accumulation in muscle and associated changes. 
J. Physiol. 100, 1-63 


Le 
a 
om 
“3 
4 
A 
wre 


274 L. G. BROCK AND ROSAMOND M. ECCLES 
Brook, L. G., moots R. M. & Kuynas, R. D. (1953). The discharge of individual electroplates in 
Raia clavata. J. Physiol. 122, 4P. 


Burpon Sanperson, J. & Gorton, F. (1888). On the electrical organ of the skate. J. Physiol. 9, 
137-166, 


Burpon Sanperson, J. & Gorton, F. (1889). On the electrical organ of the skate. Part II. 
J. Physiol. 10, 259-278. 


DEL CasTiLLo, J. & Enopaxk, L. (1954). The nature of the neuromuscular block produced by 
magnesium. J. Physiol. 124, 370-384, 


pet Castixo, J. & Karz, B. (1956). Biophysical aspects of neuro-muscular transmission. Progr. 
_ Biophys. 6, 121-170. 


DEL CASTILLO, J. & Starx, L. (1952). The effect of calcium ions on the motor end-plate potentials. 
J. Physiol. 116, 507-515. 


Ecouzs, J. C., Katz, B. & Kurrier, 8. W. (1942). Effect of eserine on neuromuscular trans- 
mission. J. Neurophysiol. 5, 211-230. 

Eccugs, J. C. & Macrariang, W. V. Actions of anticholinesterases on end-plate potential 
of frog muscle. J. Neurophysiol. 12, 


Ewart, J. C. (18884). The electric organ the On the of the electric organ of 
Raia 


batis Raia circularis. Phil. Trans. 179, 399-416. 


Ewart, J. C. (18886). The electric organ of the Skate—the electric organ of Raia radiata. Phil. 
Trans. 179, 539-552. 


Farr, P, (1954). Biophysics of junctional transmission. Physiol. Rev. 34, 674-710. 


Fart, P. & Karz, B. (1951). An analysis of the end-plate potential recorded with an intracellular 
electrode. J. Physiol. 115, 320-370. 


_ Fart, P. & Woopny, A. M. (1953). The release of phosphate from the electric organ of Torpedo. 
J. exp. Biol. 30, 68-78. 


A. Recherches sur lé fonctionnement des organes électriques. I. des 

de décharge obtenues par divers procédés d’excitation. Arch. int. Physiol. 55, 1-26. 

Hpac nacacbang B. (1957). The effect of calcium on the myelinated nerve fibre. J. Physiol. 137, 
245-260. 


Gronprest, H. (1957). The sabatilicots of discharge of the electric organs in relation to general 
and comparative electrophysiology. Progr. Biophys. 7, 1-85. 


Hanais, E. J. & Martins-Ferrema, H. (1955). Membrane potentials in the iosenihes of the South 
American frog, Leptodactylus ocelatus. J. exp. Biol. 82, 539-546. 


Hopexm, A. L. (1951). The ionic basis of electrical activity in nerve and muscle. Biol. Rev. 26 
339-409. 


Hopexm, A. L. & Huxey, A. F. (1952), Currents carried by sodium and potassium ions through 
the membrane of the giant axon of Loligo. J. Physiol. 116, 449-472. 


Hourrsr, O. F. & Kosriat, K. (1954). Effect of magnesium and calcium ions on the release of 
acetylcholine. J. Physiol. 124, 234-241. 


Huxzey, A. F. & StAmprui, R. (1951). Effect of potassium and sodium on resting and action 
potentials of single myelinated nerve fibres. J. Physiol. 112, 496-508. 


Jeneriox, H. P. & Gurarp, R. W. (1953). Membrane potential and threshold of single muscle 
fibres. J. cell. comp. Physiol. 42, 79-102. 


Keynes, R. D. (1956). The generation of electricity by fishes. Endeavour, 15, 215-222. 


Keynes, R. D. Kyredd? The physiology of the electric organs. In The Physiology of Fishes. Vol. 2, 
323-343, ed. M. E. Brown. New York: A Press. 


Kryngs, R. D. & . (1953). Membrane potentials in the of the 
electric eel. J. Physiol. 119, 315-351. 


LissmaNnN, H. W. (1951). Continuous electrical signals from the tail of a fish, @ymnarchus nilotis 
Cuv. Nature, Lond., 167, 201-202. 


Nastux, W. L. & ig sg A. L, (1950). The electrical activity of single muscle fibres. J. cell. 
comp. Physiol. 35, 39-73. 


ScHOFFENIELS, E. (1958). A method for studying tely the properties of the innervated 
and non-innervated membrane of an isolated electroplax of the skate. Nature, Lond., 
181, 287-288. 


Sreven, G. A. (1931). Rays and skates of Devon and Cornwall. Methods of rapid identification 
on the fish-market. J. Mar. biol. Ass. U.K. 17, 367-377. 


» 
4 
ij 
. 
a 
Pe). 
by, 
oy 
‘ 
4 
4 


J. Physiol. (1958) 142, 275-291 


THE ACTION POTENTIALS OF THE ALPHA MOTONEURONES 
SUPPLYING FAST AND SLOW MUSCLES 


By J. C. ECCLES, ROSAMOND M. ECCLES anp A. LUNDBERG 
From the Department of Physiology, Australian National University, Canberra 


(Received 7 February 1958) 


~ Ever since the discovery by Ranvier (1874) and Kronecker & Stirling (1878) 


that red striated muscle has a slower contraction than pale, and consequently 
gives a fused tetanus at a lower frequency of stimulation, there has been much 
speculation in regard to the possibility that the slow-red muscles might be 
specially concerned in the tonic postural movements of limbs, while the fast- 
pale muscles would give the quick phasic movements. Cobb and Fulton 
(cf. Fulton, 1926) were the first to record with an isometric myograph the 


independent contractions of the slow soleus and the fast gastrocnemius of the 


cat. It was shown by Denny-Brown (19292, b) that with these ankle extensors 
there is a more striking discrimination into the slow-red and the fast-pale 
types than with any other synergic groups of muscles. In addition, Denny- 
Brown systematically investigated the participation of slow and fast muscles 
in the various types of postural reflexes, including the tonic labyrinthine and 
néck reflexes of Magnus, as well as in the stretch reflex and the crossed 
extensor reflex. In all the synergic groups of extensor muscles the slow muscles 
were activated in the lowest threshold range of the postural reflexes, while the 
fast muscles were in the middle and upper range of threshold (Denny-Brown, 
19294). On the other hand, the fast muscles were at times more readily 
excitable in brief reflex actions, such as, for example, were evoked on rapidly 
moving the head. 

Recently Granit and his co-workers have approached with new concepts and 
new techniques the problem of the tonic and phasic activity of the ‘alpha’ 
motoneurones which innervate by the alpha motor fibres the extrafusal 
muscle fibres and which are, of course, clearly distinguishable from the 
‘gamma’ motoneurones that give via the gamma motor axons probably the 
exclusive motor innervation of the muscle spindles of mammalian muscles 
(Leksell, 1945; Hunt & Kuffler, 1951). The experimental investigations were 
restricted to the cat gastrocnemius-soleus group of synergic ankle extensors. 
It has been shown by Granit, Henatsch & Steg (1956) that about 53% of the 
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alpha motoneurones are phasic, responding reflexly with only one or two dis- _ 


charges to sustained muscle stretch, even when under the influence of post- 
activation potentiation, while the remainder are tonic, responding by arelatively 
prolonged discharge under such conditions. These differences are quite inde- 
pendent of the y-loop activation of the motoneurones. The phasic moto- 
neurones are also distinguished from the tonic by their large axonal spike 
potentials, as recorded in the same ventral root filament. It has further been 
shown (Granit, Phillips, Skoglund & Steg, 1957) that activation by two other 
reflexes (the crossed-extensor and the pinna-twist reflexes) gives the same 
discrimination between phasic and tonic motoneurones. During their brief 
repetitive responses the phasic exhibit a higher frequency of discharge than 
the tonic, 30-60 as against 10-20/sec being the usual frequencies, though tonic 
motoneurones could discharge at a frequency as high as 40/sec (cf. Adrian & 
Bronk, 1929; Adrian & Umrath, 1929; Denny-Brown, 1929a). Thus it was 
concluded that the separation of motoneurones into tonic and phasic types 
represents a fundamental distinction. However, there was evidence which 
suggested that this functional separation did not conform with the anatomical 
separation into the motoneurones supplying the slow-red soleus and those 
supplying the fast-pale gastrocnemius muscles respectively. 

Granit et al. (1957) recorded intracellularly from tonic motoneurones in an 
attempt to discover if there were specially large depolarizations during the 
_ repetitive discharge of tonic motoneurones, but failed to find any intracellular 
response that was suitable for discriminating between tonic and phasic moto- 
neurones. The present paper gives an account of a systematic investigation into 
the intracellular action potentials of over 260 motoneurones belonging to 
twenty different species of muscles and also into the thresholds and conduction 
velocities of their axons and the contraction times of the muscles they in- 
nervate, It will emerge that the motoneurones supplying the slow and fast 
muscles that operate as extensors of three hinge joints are characterized by 
_ their after-potentials as well as by the conduction velocities of their axons, and 
on the basis of this discrimination it will be concluded that in general the tonic 


and phasic types of motoneurones activate the slow and fast types of muscle - 


respectively. A preliminary account has already been published (Eccles, 
Kecles & Lundberg, 1957 a). 


METHODS . 


The experimental technique was similar to that described by Eccles, Eccles & Lundberg (19575). 
The antidromic impulses that invaded the motoneurones were generated by stimuli applied to the 
central end of the cut motor nerves. Under such conditions with the dorsal roots intact, as was the 
case in most experiments, motoneurones were subjected not only to invasion by antidromic 
impulses, but also to the monosynaptic excitatory action by group Ia afferent impulses and to the 
inhibitory action which is exerted via the pathway from motor-axon collaterals to Renshaw cells 
(Eccles, Fatt & Koketsu, 1954). The excitatory and inhibitory post-synaptic potentials (EPSP 
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and IPSP) so produced would be superimposed on the after-hyperpolarization that follows the 
neuronal spike potential; however, discrimination between the EPSP and IPSP on the one hand, 

and the after-hyperpolarization on the other, was readily achieved by stimulating the muscle 
_nerve at just-threshold strength for the axon of the motoneurone under observation. Two series 
of traces were thus obtained; in one there were the EPSP and IPSP alone, and in the other there 
was in addition the antidromic spike potential and the subsequent after-hyperpolarization. 
Furthermore, a record was taken with a stimulus strength just adequate always to excite the 
motor axon, so as to avoid the overlapping of the two curves which obscured the latter part o 
the after-hyperpolarization (cf. the records in the second column of Figs. 1-4). Though it has not 
been possible to allow accurately for the partial occlusion between the two superimposed hyper- 
polarizations (i.e. the [PSP and the true after-hyperpolarization), it was nevertheless possible to 
determine from the second type of curve the total duration of the after-hyperpolarization, which 
has been regarded as the most convenient measurement for the time scale of the after-hyper- 
polarization. Actually, as indicated in Figs. 1-4, the after-hyperpolarization terminates in a low 
(0-2-0-4 mV) and prolonged after-depolarization, much as has been reported by Gasser & Grund- 
fest (1936) for the after-hyperpolarization of peripheral nerve and by Lloyd (1951) for the ventral 
root. The durations recorded and plotted in this paper have been measured to the summit of this 
terminal after-depolarization, as indicated by the arrows in the inset traces of Fig. 5 A, but 
similar relative durations for the different motoneurones would have been obtained if the measure- 
ments had been made to the actual point of crossing the initial potential level. The identification 
of the species of a motoneurone has been made by determining the muscle nerve from which it 
can be antidromically activated, as has already been described (cf. Eccles et al. 19575). 

When investigating the time courses of the muscle twitches, the muscle was isolated as far as 
was compatible with the preservation of its blood supply and was completely immersed in a warm 
paraffin pool at 36-38° C. The origin of the muscle was fixed by drills through the appropriate 
bones and the tendon was firmly attached to the strain gauge, usually by means of its bony 
insertion. The strain gauge (Statham, Model G 1—80-350) was aligned’so that the muscle pull on it 
- was accurately in the line of its normal action and the initial tension was adjusted so that all 
muscle fibres would be passively stretched in the resting state. Initial tensions of 3-4% of the 
maximum twitch contraction were usually adequate, but higher tensions (up to 10%) were also 
employed. The output of the strain gauge was fed into a d.c. amplifier and thence to an optically 
flat oscilloscope for photography by a Grass camera. The calibration of the myographic system 
was performed immediately after each experiment. Since the aim of this myographic investi- 
gation was to discover if the motor units supplied by small axons had longer contraction times 
than those supplied by large axons, particular care was taken to preserve the blood supply to the 
region of the cut distal stump of the motor nerve to which the stimuli were applied, and so to 
maintain the normal range of threshold between the different motor axons. The successive twitch 
contractions were evoked at intervals of not less than 2 sec. 


RESULTS 

. The spike potentials of alpha motoneurones 
As already described (Eccles et al. 19575), spike potentials of the impal 
motoneurone were generated when it was invaded by impulses propagating 
antidromically up its motor axon. The spike potentials of motoneurones 
belonging to the slow-red muscle components of the extensor synergic groups 
acting at knee, ankle and elbow joints have been compared with the spikes of 
the corresponding fast-pale synergists. For example, Fig. 1 D, H, L shows, 
respectively, the spike potentials of crureus, vastus lateralis and rectis femoris 


motoneurones, the first supplying a slow muscle, the other two fast muscles. 
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Similarly, Fig. 3 D, H are the spike potentials of motoneurones supplying the 
slow elbow extensor muscles, caput mediale of triceps brachii and anconeus, 
while Z and P are generated by motoneurones supplying the fast muscles 
caput laterale and caput longum of triceps brachii. All these spike potentials 
exhibit the characteristic step on the rising phase which has been shown 
(cf. Coombs, Curtis & Eccles, 1957) to be generated by the initial segment of 
the motor axon (the axon hillock plus the non-medullated segment). The 
origin of the SD (soma-dendrite) spike from the initial IS spike is indicated by 


Fig. 1. Intracellular recording of responses set up in quadriceps motoneurones by stimuli applied 
to the nerves to crureus muscle (A—D), to vastus lateralis muscle (7-H) and to rectus femoris 
muscle (J—L), the motoneurones for the respective series being thus identified as supplying 
crureus, vastus lateralis and rectus femoris muscles (cf. Eccles et al. 19576). With A, H and J 
the stimuli were just at threshold for the respective motor axons and just above threshold in 
B, F and J. With C, G and K the respective stimuli were several times threshold and the 
upper traces in C and the lower in G, K were recorded from the surface of the spinal cord at 
the segmental level for quadriceps motoneurones (note stimulus artifacts on the left of the 
traces). All records were formed by the superposition of about 40 faint traces. A, B, EF, F, 
I, J have the same potential and time scales. Records D, H, L also have the same potential 
and time scales as indicated. 


arrows in the records of Fig. 4 D, H. It should be noted in passing that both 
the motoneurones of Fig. 4 A—H supplied the nominally slow-red caput mediale 
of triceps brachii. However, it will be shown later that the duration of the 
_ after-hyperpolarization and the fast conduction velocity of the motor axon 
both indicate that the motoneurone of Fig. 4 H-H was of the fast type, and 
this classification will be adopted when considering the spike potentials of the 
two types of motoneurones. 

Figs. 1-4 show that there were no large differences in the time courses of 
the spike potentials generated by motoneurones supplying slow and fast 
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muscles. However, column 5 of Table 1 indicates that with ‘slow moto- 
neurones’ the declining phase of the spike was more prolonged than in the 
‘fast motoneurones’ of the same synergic group. It should be noted that 
there was usually a considerable uncertainty in assessing the end of the spike 
of ‘slow motoneurones’. In Figs. 1D; 3D,H; 4D the declining phase 
gradually merged into the after-potential, whereas there was a fairly abrupt 
termination in Figs. 1 H, L; 3L,P; 4H. It is probable that the spikes of 


TaBLE 1. Mean durations of the rise and decline of spikes and of the after-hyperpolarizations for 
fast and slow extensor motoneurones at the knee, ankle and elbow joints. (Standard deviation 
in parentheses) 


1 2 3 4 5 6 
Duration of Duration of | Duration of 
No. of  Potentialof rise of decline of after-h 
. moto- SD spi SD spike SD spike _ polarizations 
Motoneurone type neurones (m (msec) (msec) (msec) 
Soleus 5 70 (11) 0-40 (0-12) 1-08 (0-16) 177 (37) 
Medial and lateral il 68-5 (13) 0-38 (0-08) 0-85 (0-15) 82 (19) 
emius 
Slow quadriceps 9 64 (9) 0-45 (0-01) 1-17 (0-19) 152 (19) 
mostly crureus* 7 
Fast rectus femoris, 9 63 (6) 0-43 (0-09) 0-95 (0-19) 88 (13) 
vastus medialis, 
and lateralis | 
Anconeus and slow 1] 66 (11) 0-37 (0-06) 1-06 (0-11) 152 (17) 
caput medialet 
Caput longum, 22 60 (8) 0-33 (0-06) 0-84 (0-14) 77 (10) 
laterale and fast | 
caput mediale of 
triceps brachii : 


Only those motoneurones with SD spike potentials in excess of 50 mV are included in the table. 

* Including two vastus motoneurones whose after-hyperpolarizations were 140 and 150 msec 
in duration. 

+ All caput mediale with after-hyperpolarizations in excess of 130 msec. 
‘slow motoneurones’ were even more prolonged than is shown in Table 1. 
Most of the measurements were made on fast records such as those of Fig. 4 D, H, 
where the vertical arrows indicate the points of measurement for the rising and 
declining phases of the SD spikes as given in columns 4 and 5 of Table 1. No 
significance can be attached to a comparison of the IS spikes or of the IS-SD 
intervals for the two classes of motoneurones, because these are modified by 
too many extraneous factors (cf. Coombs et al. 1957). | 

In addition, the spike potentials have been recorded from the motoneurones 
of flexor muscles at the knee and ankle, and of various muscles operating at the 
joints of the foot. Almost all these muscles are of the fast type and the spike 
potentials resembled those of the motoneurones supplying the fast extensor 
muscles, 


The after-potentials of alpha motoneurones | 
The spike potential of a motoneurone normally declines on to a low after- 


depolarization that, in a few milliseconds, passes over into the a 
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polarization, which reaches # maximum usually in 10-20 msec after the onset 
of the spike potential, and then gradually declines (Brock, Coombs & Eccles, 
1952; Coombs, Eccles & Fatt, 1955). If the motoneurone is depolarized, 
e.g. by the injury inflicted by the micro-electrode, the spike potential may 
decline very rapidly to an after-hyperpolarization (cf. Figs. 1 H; 3 D) which 
may appear in twu phases, the latter of which corresponds to the true after- 
hyperpolarization. The diminution of the resting potential of the motoneurone 
has resulted in a reversal of the after-depolarization (cf. Coombs et al. 1955; 
Eccles, 1957, pp. 82-3). For this reason there is much variability in the after- 
depolarization during a prolonged investigation on any one motoneurone, and 
the phase of transition at the end of the spike has provided the only significant 
difference between the two classes of motoneurones (cf. previous section). 


A 10 msec 


Fig. 2. A series of responses as in Fig. 1 for three ankle extensor motoneurones, soleus, lateral 
gastrocnemius and medial gastrocnemius respectively; but D, H and L were recorded mono- 
phasically from the §1, L7 and §1 ventral roots respectively in response to maximum stimu- 
lation of the soleus, lateral gastrocnemius and medial gastrocnemius nerves. Note that B is 
recorded at a slower sweep speed in order to show the full duration of the after-hyper- 
polarization. 


In contrast, the great majority of the motoneurones supplying slow-red 
muscles have been characterized by the slow time course and long duration of 
the after-hyperpolarization. For example, in Fig. 1 the after-hyperpolarization 
of the crureus motoneurone (A, B) attained its maximum later and declined 
much more slowly than the after-hyperpolarization of the vastus (HZ, F) and 
rectus femoris (J, J) motoneurones. Similarly, in Fig. 2, the soleus moto- 
neurone had a much slower after-hyperpolarization (A, B; note slower time 
scale in B) than the lateral (Z, F) and medial (I, J) gastrocnemius moto- 
neurones. Finally in the elbow extensor group (Fig. 3) the slow-red muscles, 


caput mediale of triceps brachii and anconeus, were supplied by moto-— 
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neurones exhibiting long after-hyperpolarizations, A, B and EF, F respectively, 
while the fast pale caput laterale and caput longum of triceps brachii were 
supplied by motoneurones having much briefer after-hyperpolarizations, I, J 
and M, N respectively. 

With soleus the after-hyperpolarizations have always had a long duration 


(> 140 msec) and with crureus most were in excess of 130 msec, though a few 


were as brief as 100 msec and one was only about 70 msec. However, the 
motoneurones of caput mediale tended to fall into two distinct groups, 


according to whether the after-hyperpolarization was longer or shorter than 


110 msec. Two such motoneurones from one experiment are illustrated in 


Fig. 4 A-H, the duration of the after-hyperpolarization in A, B being 144 msec, ° 


while that in ZH, F was only 70 msec. Careful examination of the after-hyper- 
polarizations of Figs. 1-4 will reveal that other measurements such as time to 
maximum or to half decay gave the same relative values for the different 
motoneurones. The measurement of the total duration has been chosen 
because it was almost always beyond the range of complication by the Renshaw 
inhibition and also was always beyond the synaptic excitatory or inhibitory 
actions which would be exerted by the afferent volleys from the muscle nerves, 
for in most experiments the dorsal roots were intact (cf. Eccles et al. 19575, c). 

Since Lorente de N6 & Graham (1938) found that the depression of oculo- 
motor neurones following antidromic activation was much briefer (30-40 msec) 
than that which occurred after antidromic activation of limb motoneurones 
(Eccles & Pritchard, 1937; Gasser, 1939; Brooks, Downman & Eccles, 1950; 
Lloyd, 1951) it would be expected that the causally related after-hyper- 
polarization would also be shorter in duration. Movements of the brain stem 
due to respiratory action made intracellular recording from oculomotor 
neurones much more difficult than from motoneurones in the spinal cord. 
Nevertheless, it was possible to record intracellular action potentials from a 
few oculomotor neurones. As shown in Fig. 4 J, J, the after-hyperpolarization 
had the expected brief duration of about 40 msec. 


Conduction velocity of motor axons : 
The interval between the stimulation of the muscle nerve and the antidromic 


invasion of the motoneurone under examination can be measured for each of 
the limb motoneurones illustrated in Figs. 1-4. The stimulus was made 


sufficiently strong so that no significant error would be introduced by assuming 


that there was no delay in initiating the antidromic impulse; hence the 
measured interval gives the antidromic conduction time jn the axon of that 
motoneurone. Measurement of the conduction distance enables the conduction 
velocity to be calculated. For example it was 61, 92 and 98 m/sec for the 
records illustrated in Fig. 1 CO, @ and K respectively, and 51, 80 and 83 m/sec 
for the records of Fig. 20,@ and K respectively. The slower conduction 
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msec msec 
Fig. 3. 1, but for four elbow ext t ; supplies 


anconeus muscle, A—D, J-L and M-P supply respectively the caput mediale, the caput 
_ laterale and the caput longum of triceps brachii. 


10 msec 
triceps brachii, the former showing a much longer after-hyperpolarization than the latter. 
_ IT and J show after-hyperpolarization produced when an oculomotor neurone supplying rectus 
superior muscle was invaded by an antidromic impulse, J being taken at much faster speed 
than J. Amplification for J, J as for A, B; single trace in J and three superimposed traces 

in J. 
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velocity for the whole population of soleus motor nerve fibres is evident when 
the combined spike potential of Fig. 2 D is compared with Fig. 2 H and L. 
There has in general been a significant correlation between the duration of 
the after-hyperpolarization of a motoneurone and the conduction velocity 
along its axon. For example, in Fig. 5 A the long durations of after-hyper- 
polarizations of soleus motoneurones could be correlated with the long 
durations calculated for the conduction time along 1 m of axon (cf. inset 
traces). On the whole both these durations were briefer for the gastrocnemius 


correlation... It. should, however, be pointed out that a direct proportionality 
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Fig. 5. (A) Plotting for the whole series of ankle ext mot the durations of the after- 


hyperpolarization (ordinates) against the times required for conduction along 1 m of the 
corresponding motor axons (abscissae). The inset curves are traces from Fig. 2B, F and J 
respectively and the arrows mark the points to which measurements were made in assessing 
the durations of the after-hyperpolarizations. The numbers above the beginnings of each trace 
give the respective conduction velocities of the motor axons in metres per second. The points 
belonging to the three types of motoneurones are indicated by the symbols: Sol, @ =soleus; 
Lg, © =lateral gastrocnemius; Mg, 1) = medial gastrocnemius. (B) As A, but for +, plantaris 
and x flexor digitorum longus motoneurones. 


was not thereby demonstrated, because the line did not pass through the zero 
co-ordinates. Similar graphical representation for the extensors of the knee 
(Fig. 6 A) and the elbow (Fig. 6 B) revealed that the points lay about straight 
lines having co-ordinates almost identical with those of Fig. 5 A. Both 
durations tended to be long for the motoneurones of the slow-red muscle, 
crureus, but there was more overlap between crureus on the one hand and the 
vasti and rectus femoris on the other than occurred with soleus and gastro- 
cnemius. With the motoneurones of the elbow extensors (Fig. 6 B) about one 
third of those supplying the slow-red caput mediale were interspersed with the 
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motoneurones of capita laterale and longum. Otherwise there was a separation 
almost as complete as with the ankle extensors (Fig. 5 A). The four moto- 
neurones belonging to the slow-red anconeus muscle lay with the main group 
of caput mediale. Fig. 4 gives examples of the slow (A—D) and the fast (Z-H) 
types of caput mediale motoneurones from the same preparation. Usually the 
caput mediale muscle is supplied by two nerves. Each of these nerves contains 
an admixture of axons from fast and slow motoneurones. 
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Fig. 6. (A) Plotting as in Fig. 5 for the whole series of three extensor motoneurones. @ =crureus; 
+ =rectus femoris; © = vasti lateralis and medialis; @ =rectus and vastus, which were not. 
separated in one experiment. (B) Elbow extensor motoneurones: @ =caput mentale ; 
© =caput laterale and 7 longum of triceps brachii; © =anconeus. 
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Fig. 7. (A) Knee flexor wickonmmrenen and other components of the hamstring group. e = biceps 
posterior and semitendinosus; O =biceps anterior; + =gracilis; x osus 
(B) Pretibial flexors. @ extensor digitorum longus; © =tibialis anticus; + =peroneus 
longus; x =extensor digitorum brevis; (]=peroneus brevis. 


In general,the motoneurones supplying flexor muscles exhibited durations of 
_after-hyperpolarization and conduction time which were comparable with 
those of motoneurones belonging to fast-pale extensor muscles. However, 
there was a considerable range in the population plotted in Fig. 7 A, B, and 
some of these flexor motoneurones had co-ordinates comparable with those of 
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the slow extensor motoneurones. Again the correlation between the two 
durations can be approximately expressed by straight lines (Fig. 7 A, B), 
which, however, had less steep slopes than the lines drawn for extensor 
motoneurones. 

Finally, in Fig. 5 B are plotted the durations for motoneurones supplying 
muscles importantly concerned in plantar flexion of the toes. Functionally 
these muscles are extensors and the line expressing the correlation between the 
two durations had a slope even steeper than for the other extensors. It is of 


interest that plantaris motoneurones tended to be slow while those supplying 


flexor digitorum longus tended to be fast. 
The slow conduction velocity for the motor nerve fibres to soleus can be cor- 


_ related with their smaller diameter. The soleus alpha motor fibres have a mean 


diameter that is about 78% of that obtaining for gastrocnemius alpha motor 
fibres (Eccles & Sherrington, 1930); a relationship which is also approximately 
indicated by the measurements of Hagbarth & Wohlfart (1952). The ratio of 
the respective mean conduction velocities (calculated as reciprocals of the 
conduction times for the points plotted in Fig. 5 A) was about 72% for soleus 
with respect to gastrocnemius. Thus these observations are in approximate 


- agreement with the direct proportionality that has been established between 


axon diameter and conduction velocity of myelinated nerve fibres (Hursh, 
1939; Tasaki, Ishii & Ito, 1943; Rushton, 1951; Tasaki, 1953). The diameters 
of the motor axons supplying the slow-red and the fast-pale components of 


other extensor groups of muscles have not been measured, but the conduction 


times shown in Fig. 6 A, B indicate that the slow-red muscles tend to be 
supplied by smaller axons than the fast-pale muscles. 


Contraction times of motor units of fast and slow muscles 


In this investigation it is essential to adopt the rigorous precautions 
described under Methods in order to ensure that the contractions of all the 
fibres of a muscle are being observed under virtually uniform isometric 
conditions. As an additional check of this prescribed uniformity the whole 
range of contractions of a muscle, from a few motor units to maximum, has 
often been recorded at two initial tensions, one about 3-4% of the maximum 
twitch tension, and one at about 10%. Characteristically the twitches were 
considerably slower at the high initial tension (cf. Fig. 8 B, C). 

With fast-pale muscles such as lateral and medial gastrocnemius and caput 
laterale of triceps brachii, small submaximal twitches usually had time courses 
that either did not differ significantly from maximal twitches, or were a little 
slower (Fig. 8 A, D). The small submaximal twitches would be impeded by the 
frictional resistance of the inactive muscle mass, and hence an explanation 18 
provided for the slower time course. It thus seems likely that the alpha motor 


axons from the lowest to the highest threshold innervate a population of fast- 
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pale muscle fibres that is not selectively distributed, at least in so far as con- 
traction time is concerned. The recorded values for the contraction times 
(onset to summit of the twitch contraction) of the medial and lateral gastro- 
cnemius and of the caput laterale of triceps brachii have been within the range 
21-30 msec. 

With twitch contractions of soleus muscle there was also virtually the same 
time course for all sizes of twitches (Fig. 8 Z), but the contraction times were 
characteristically much longer (68-74 msec in our three experiments) for this 
slow-red muscle, which is in good agreement with the value of about 73 msec 
given by Gordon & Phillips (1953). 

In the preceding section it was concluded that slow muscles are supplied by 
smaller alpha motor fibres than are fast muscles, and, furthermore, that the 
small motor fibres innervating slowly contracting motor units arise from moto- 
neurones characterized by long after-hyperpolarizations (cf. Figs. 5 A, 6). 
Since the caput mediale of triceps brachii is innervated by slow and fast types 
of motoneurones (cf. Figs. 4, 6 B), it is of interest to see whether, corres- 
pondingly, this muscle is composed of an admixture of slow and fast con- 
tracting motor units. As shown in Figs. 8 B, 9 A, very weak submaximal 
contractions were relatively fast, and with strengthening stimulation much 
slower contracting motor units were added, the contraction time lengthening 
from 30-5 to 59 msec and the time from onset to half decay from 85 to 120 msec. 
The general time courses of the stronger contractions in Fig. 8 B indicate an 
admixture of slow and fast contracting units, closely resembling in this respect 
the isometric twitches of tibialis anterior (Gordon & Phillips, 1953). With the 
higher initial tension of Fig. 8 C there was the same lengthening of contraction 
times as motor units with higher threshold axons were brought into contrac- 
tion. This lengthening is further illustrated by the x points in Fig. 9 A, where 
the time to half decay is seen not to be further lengthened with twitches above 
one third of maximum. In contrast with the caput laterale component of this 
same triceps brachii the smaller twitches were a little slower than the larger 
(Figs. 8 A, 9 B), an effect that may be due to mechanical distortion as sug- 
gested above. One of the four experiments with caput mediale was exceptional 
in that all sizes of twitches had virtually the same slow time course, just as 
occurred with soleus and crureus (Fig. 8 Z, F). Unfortunately intracellular 
recording from the motoneurones was not attempted in the same experiment 
as the mechanical recording, so it is not known if in this case the caput mediale 
was supplied in part by fast motoneurones which would be innervating slowly 
contracting muscle fibres. As shown in Fig. 6 4, some crureus motoneurones 
were of the fast type, and correspondingly there was evidence in one experi- 
ment, but not in Fig. 8 F, that the lowest threshold motor axons innervated 
fast contracting motor units, 


_ A partial exception to the correlation of motoneurone type with contraction 
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L 

, Fig. 8. Isometric twitch contractions produced by varying degrees of submaximal stimulation 
> a as well as by maximal stimulation of the motor nerve. A is for caput laterale and B, C for 
the caput mediale of the same triceps brachii; the initial tensions of A, B and C are 63, 33 
and 246 g respectively. D, E and F show similar series for medial gastrocnemius, soleus and 


crureus muscles in another experiment. The temperature of the paraffin pool surrounding 
the muscle was 36° C for A and C and 37-3° C for B. Tension and time scales are shown for 


each series. 
10 
20 40 60 80 
Sr B 
10+ 
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20 40 80 - 100 120 


Fig. 9. (A) Plotting of contraction tension against the contraction time and the time from onset 
to half decay for the muscle twitches illustrated by the superimposed contractions in 
Fig. 8B. (B) Similar plotting for muscle twitches of Fig. 8A. However, the plotted measure- 
ments are for individually recorded contractions, not the superimposed series of Fig. 8. The 
arrows in Fig. 8 show the points for measurement of maximum twitches, the contraction line 
being measured between the first two arrows and the line to half decay between the first and 
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time of its motor unit was provided by plantaris, a muscle which is innervated 
by motoneurones that usually had an after-hyperpolarization about 160 msec 
in duration (Fig. 5B); yet it had a contraction time which was as brief as 
24-27 msec in two experiments. In another it was longer (27-38 msec) though 
still much faster than the contractions of other muscles such as soleus and 
crureus, that are innervated by motoneurones with comparably long after- 
hyperpolarizations. 

In summary it can be stated that there is good evidence that motoneurones 
of the ‘fast’ type innervate motor units having a fast contraction time, and 
correspondingly for motoneurones of the ‘slow’ type. This correspondence 
between motoneurone type and motor unit type seems to occur even with 
muscles such as the caput mediale which is supplied by an admixture of ‘fast’ 
and ‘slow’ motoneurones. However, such a detailed correspondence could be 
established only by recording the contractions of the individual motor units 


(cf. Gordon & Phillips, 1953) supplied by the motoneurones whose after-hyper- 


polarizations were also recorded intracellularly. 


DISCUSSION 


The criterion of axon diameter allows the results of our experiments to be 
correlated with those of Granit et al. (1956, 1957), who have shown that alpha 
motoneurones with small axons (as revealed by the relatively small size of the 
spike potential recorded monophasically in a ventral root filament) belong to 
the tonically responding class, whereas those with large axons are specialized 
to give phasic responses. Thus it may be concluded that the tonic moto- 
neurones have long after-hyperpolarizations and supply as a rule the slow-red 
type of muscle, and that the phasic motoneurones have brief after-hyper- 
polarizations and supply usually the fast-pale type of muscle. Some slow-red 
muscles such as crureus and especially caput mediale of triceps brachii 
often contain a significant proportion of motor units which are innervated 
by relatively large nerve fibres and which have fast contraction times 
__ (cf. Figs. 8 B, C; 9 A). The motoneurones belonging to these large motor nerve 
fibres have relatively brief after-hyperpolarizations (cf. Figs. 4 E-G, 6). 
Granit et al. (1957) found that the application of a stretch to gastrocnemius 
muscle alone was able to cause a discharge of tonic motoneurones, and hence 
concluded that tonic motoneurones did not exclusively innervate the slow-red 
soleus muscle. Since it has now been found that impulses from the stretch 
afferents of the gastrocnemius muscle exert a strong monosynaptic excitatory 
action on soleus motoneurones (Eccles et al. 19576), the motoneurones tonic- 
ally responding to stretch of the gastrocnemius might well be innervating the 
soleus muscle. However, in Fig. 5 A some gastrocnemius motoneurones are 
lying transitionally between the main soleus and gastrocnemius groups, and 
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discharging (usually 30-60/sec) phasic motoneurones. The tonic motoneurones 


_ priate matching of the frequency characteristic of motoneurones with the 


FAST AND SLOW ALPHA MOTONEURONES 289 


could be examples of the tonically responding gastrocnemius motoneurones 
postulated by Granit et al. (1957). 

It has been postulated that the after-hyperpolarization of a motoneurone is 
responsible for determining the frequency at which it discharges when sub- 
jected to a continuous synaptic bombardment (cf. Eccles, 1936, 1953, 
pp. 174-8; Pitts, 1943). This postulate is supported by the present evidence 
that the slowly discharging tonic motoneurones (usually 10-20 and never 
above 40/sec) have a much longer after-hyperpolarization than the rapidly 


innervate slowly contracting motor units which would give a fused tetanus of _ 
almost maximum size at the relatively slow frequency of discharge of these 
motoneurones. Qn the other hand, the phasic motoneurones with their 
relatively high frequencies of discharge are matched to the relatively fast 
frequency required to give optimal tetanic fusion in the contractions of the 
fast-pale muscles which they innervate. Finally, the extremely fast-contracting 
extrinsic eye muscles require very high frequency (up to 200/sec) for optimal 
tetanic fusion (Denny-Brown, 19296; Cooper & Eccles, 1930), and corres- 
pondingly the frequency discharge of the motoneurones is as high as 170/sec 
(Reid, 1949) and the after-hyperpolarization (Fig. 4/7,.J) and associated 
depression (Lorente de N6 & Graham, sree of these motoneurones are as brief 
as 40 msec. 

It may now be asked: How does it come about that there is such an appro- 


contraction times of their motor units? Any serious mismatching would 
result in inefficiency, particularly in relationship to the frequency-modulation 
of reflex contraction tension (Adrian & Bronk, 1929). For example, a high 
frequency discharge to slow motor units would merely serve to fatigue the 
muscle for no effective return in a higher contraction tension, while the low 
frequency discharge from a tonic motoneurone to a fast motor unit would be 
inefficient in fusing the individual twitch responses to give an effective tetanic 
contraction. All limb muscles are equally slow in the new-born kitten (Denny- 
Brown, 1929); cf. Meyer, 1875), and differentiation into slow and fast types of 
muscle occurs during the third to sixth weeks. In this connexion it would be of 
interest to discover the time of the differentiation of the pai ui: moto- 
neurones into slow and fast types. — 


SUMMARY 


1, Over 260 alpha motoneurones belonging to twenty-one different muscles 
have been stimulated antidromically by exciting impulses in their motor axons 
and have been recorded from intracellularly. Special investigation has been 
made of three synergic groups ud motoneurones that innervate slow-red and 
fast-pale extensor muscles. 
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2. The antidromic spike potentials of the ‘slow’ motoneurones have dif- 
fered significantly from those of the ‘fast’ only in having a slower decline, 
which merges more gradually into the after-depolarization. 

3. The great majority of motoneurones supplying slow muscles have been 
characterized by a much more prolonged after-hyperpolarization. All the 
motoneurones to soleus and anconeus, and most of those to the crureus and 
the caput mediale of the triceps brachii, had after-hyperpolarizations in 
excess of 130 msec, whereas almost all the motoneurones supplying the fast 
extensor muscles and the flexor muscles had after-hyperpolarizations in the 
range of 50-110 msec. With oculomotor neurones the ane hyperpolarization 
was only about 40 msec in duration. 

4, The isometric twitch contractions of caput mediale gave evidence that — 
the low threshold motor axons from motoneurones with brief after-hyper- 
polarizations supplied motor units of the fast-contracting type. 

5. In all synergic groups of motoneurones the after-hyperpolarizations were 
found to bear an inverse relationship to the conduction velocity of the motor 
axons. Thus it is inferred that slow motoneurones have axons of small 
diameter. 

6. This relationship indicates that the motoneurones supplying slow-red 

muscles are the tonic alpha motoneurones defined by Granit, while those 
supplying fast-pale muscles form the phasic alpha group. 
7. Ttis suggested that, since it seems likely that the frequency of repetitive 
discharge from motoneurones is controlled by the after-hyperpolarization, 
durations of the after-hyperpolarizations are matched to the twitch durations 
of muscles, so that the individual motoneurones discharge at frequencies 
appropriate to the contraction responses of their own motor units. 
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In considering the formation of pulmonary oedema it is usual to apply 
Starling’s hypothesis (Starling, 1894). This states that the rate of passage of 
fluid across capillary endothelium is proportional to the difference between 
the hydrostatic pressure across the membrane (tending to produce oedema) 
and the transmural colloid osmotic pressure drop (tending to resolve oedema). 
Applied to the lungs it is often supposed that the hydrostatic and colloid 
osmotic pressures in the alveolar walls are negligible, so that when the capillary 
blood pressure exceeds the colloid osmotic pressure of the blood (about 
25-30 mm Hg), fluid passes across the capillary wall; it is not known if these 
assumptions are valid. Furthermore, the distensibility of the pulmonary 
vascular bed must be considered. A rise in capillary blood pressure will 
increase the rate of transudation of fluid not only by the change in hydrostatic 
pressure but also by increasing the area and decreasing the thickness of the 
alveolar—capillary membrane. 

We have tried to determine a permeability coefficient for rabbits’ pulmonary 
capillaries, as has been done by Landis (1927) for the mesenteric capillaries of 
the frog, and by Pappenheimer & Soto-Rivera (1948) for the circulation of the 
cat’s leg. Our results have led us to consider how Starling’s hypothesis can 
best be applied to the pulmonary circulation, and to an investigation of the 
forces involved in the transudation of fluid across the capillaries of the lung. 


METHODS 


The principle of the method was to perfuse rabbit lungs with blood while controlling the perfusion 
pressure and measuring the rate of formation of oedema fluid. The rabbits used weighed from 2-0 
to 2-4 kg. 

Perfusion method. The perfusion pump was designed to give non-pulsatile flow of blood with a 
small difference of pressure (2-4 mm Hg) corre en ene this was to allow 
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an accurate estimation of mean pulmonary capillary pressure, which is not possible with pulsatile 
pressures and a large arterio-venous pressure drop. The capillary pressure was taken as the mean 
of arterial and venous pressures, accurate to 1 mm Hg. The perfusion apparatus is illustrated in 
Fig. 1. Mean perfusion pressure was controlled by the overflow valve V,, and the pressure 
difference between artery and veins by the overflow valve V,. Flow was from each blood reservoir 
in turn, the other meanwhile receiving venous blood, and the alternation between reservoirs was 
controlled by the double four-way tap which reversed both air pressures and blood flow. The tap 
was turned by hand when the blood levels in the reservoirs differed by about 1-2 em. Blood flow 
could be measured from the rate of change of blood level in either reservoir, and the total amount 
of blood in the perfusion apparatus could also be recorded from calibration marks. These two 
values were recorded intermittently at suitable times. Perfusion pressures were measured as near 
to the lungs as practicable using either mercury manometers writing on a smoked drum, or blood- 
filled manometers with visual reading. The perfusion reservoirs were immersed in a water-bath 
and the blood temperature (maintained at 37-38° C) measured just before entry to the pulmonary 
artery. 


Air— 


Air pressure lungs To lungs 
reservoirs | 
Fig. 1. Diagram of perfusion apparatus. On the left are two pressure bottles for maintaining 
arterial and venous perfusion pressures, on the right the blood reservoirs with four-way taps 
for alternating flow. For full description see text. 


Ventilation of the lungs. Positive constant. pressure ventilation was usually given (12 cm H,O), 
with an expiratory pressure of 2 cm H,O to prevent complete collapse of the lungs in expiration. 
The rate of ventilation was 20 inflations/min. In some experiments negative pressure ventilation 
was applied by removing the lungs from the body and placing them in an air-tight. Perspex box, 
similar to that described by Born (1954). In this method the weight of the lungs could be recorded 
continuously on a smoked drum. 

Measurement of the rate of oedema fluid formation. The total amount of oedema fluid in the lungs 
was measured at the end of each experiment by weighing the lungs and the heart, calculating the 
lung: heart ratio and comparing it with a normal mean value. In a series of twenty-five control 
rabbits the lung: heart ratio was 1-53 (s.p. + 0-11). This standard deviation is similar to that found 
by others (e.g. Courtice & Phipps, 1946). The error (95% fiducial limits) in this method of caleu- 
lating excess lung weight will be less with large amounts of oedema fluid, being +23% for a 
lung: heart ratio of 2-0, and +3% for a ratio of 5-0. Most of our results fell within the upper part 
of this range. The rate of fluid transudation was also measured by weighing the lungs during 
perfusion in the negative pressure ventilation experiments and by recording the changes in blood 
volume in the reservoir in all experiments. Allowance had to be made for changes in lung blood 
volume. In Fig. 2 are shown changes in reservoir blood volume in three experiments, with different 
rates of oedema fluid formation. It will be seen that the rates of oedema fluid loss were approxi- 


" mately linear during each perfusion, apart from the periods when the perfusion pressure was 


suddenly changed at the onset and end of perfusion, causing shifts in lung blood volume. We have 
therefore assumed that the oedema fluid, as measured at the end of an experiment, was formed at 
constant rate throughout the period of perfusion at any chosen pressure. 
Experimental procedure. The reservoirs were filled with heparinized blood from a donor rabbit. 
19 | PHYSIO. OXLII 
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The experimental rabbit was anaesthetized with pentobarbitone sodium (35 mg/kg) and heparin- 
ized (10 mg/kg). The trachea was cannulated, positive pressure ventilation started and the chest 
widely opened in the mid line. Polyethylene cannulae were tied into the pulmonary artery and 
the left auricular appendage, and a ligature was tied tightly round the atrio-ventricular groove of 
the heart. Perfusion was then started. At no time was ventilation of the lungs allowed to stop, 
and the pulmonary circulation was occluded for only 1-2 min during cannulation. Throughout the 
perfusion the blood appeared well oxygenated. Perfusion was started at a low mean pressure, 
usually about 10 mm Hg, and was allowed to continue for a few minutes as a control period, 
during which flow, temperature and ventilation were seen to be normal. This control period was 
omitted for perfusions with Ringer—Locke solution. The pressure was then raised to a pre-selected 


_ value and kept there for a time sufficient to allow production of an appropriate amount of oedema 


fluid. At the end of this period the perfusion pressure was dropped either in two steps (Fig. 2) or 


rast 


22/153 


Blood volume (mi.) 


100 
0 5 10 15 20 


Time (min) 

Fig. 2. Rates of change of reservoir blood volume for three perfusions. Ordinate, total reservoir 
blood volume; abscissa, time from the beginning of perfusion. The step-wise changes in 
volume at the beginning and end of the perfusions are due to changes in perfusion pressure ; 
the approximately linear falls in volume between them are due to oedema fluid formation. 
The figures at the end of each graph are the final decreases in reservoir volume at the end of 
the experiments, and the corresponding measured oedema fluid weights. The perfusion 
pressures were 30, 27 and 25 mm Hg from above down. 


immediately to zero; the changes in reservoir volume were noted. The lungs and heart were then 
removed and weighed, care being taken not to lose any oedema fluid, 

The rate of formation of oedema fluid was calculated in g/sec/g normal lung weight, taking the 
normal lung weight as 1-53 times the measured weight of the heart. The perfusion pressure was 
calculated as the mean of arterial and venous pressures less the mean ventilation pressure (about 
5 mm Hg), since the latter was thought to be applied to the entire pulmonary capillary bed with 
the possible exception of the pleural vessels. 

Lung blood contents were measured by the method of Ponder (1942), which involves digesticn 
of the tissues and spectrophotometric measurements of the iron content. Iron contents were also 
measured on perfusion blood and on lung made bloodless by perfusion with saline, so that the 
results could be expressed as volume of blood in the lung. Protein estimations were obtained by 
micro-Kjeldahl analysis. 
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RESULTS 
Pulmonary perfusions with blood ) 

Rate of oedema fuid collection. In the later experiments ventilation was 
effected with 5% CO, in air. In Fig. 3 the rate of formation of oedema fluid 
is plotted against mean perfusion pressure. Oedema fluid collected slowly at 
pressures from 20 to 30 mm Hg, about 20 min being needed to double the lung 
weight. At pressures from 30 to 40 mm Hg there was a great increase in the 
rate of transudation. In the early experiments ventilation was effected with 
_ 00,-free air, and oedema fluid formed more rapidly, especially at the higher 


pressures. 
40r- x 
x Oo 
x 
20 
roe | 
10 
0 10 15 


Oedema fluid flow (g/sec/g lung x 10°) 

Fig. 3. Relationship between rate of oedema fluid transudation and mean perfusion pressure for 
lungs perfused with blood. The total oedema fluid was estimated from the measured heart and 
lung weights at the end of the experiment, and is expressed as g/sec/g non-oedematous lung 
(taken as 1-53 times the heart weight). ©, lungs ventilated with air; x , lungs ventilated with 
eye C), lungs ventilated by negative pressure with 5% CO, in air. 


In Fig. 3 are included four results with negative-pressure ventilation (with 
5% CO, in air). The perfusion pressures have not been corrected by sub- 
tracting the mean (negative) ventilation pressure, since the intra-alveolar 
pressure would be atmospheric pressure. In the positive-pressure ventilation 
experiments the mean positive pressure was subtracted from the perfusion 
pressure, since the alveolar pressure would be continuously above atmo- 
spheric pressure, and the fact that the results from both types of experiment 
do not greatly differ suggests that this assumption may be reasonable. 

Protein content of oedema fluid. The colloid osmotic pressure of rabbit plasma 
is about 21 mm Hg (Meyer, 1932), but the effective transmural colloid osmotic 
pressure is not known. The fact that at all pressures transudation was at a 
_ constant rate throughout the experiment (Fig. 2) suggests that any rw in 
9-2 
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extracapillary colloid osmotic pressure (and therefore in transmural pressure) 
were insignificant before and during oedema formation. In nine experiments 
the protein content of the oedema fluid was measured. A mean value of 
4-7 g (s.D. + 0-47) was obtained for the oedema fluid, or 74% (+7:2%) of the 
plasma protein content. The protein content of our rabbits’ plasma was rather 
higher than that found by others (Albritton, 1952). The mean value was 


6-6 g/100 ml. (s.p. +0-56). On the basis of these figures the transmural | 


colloid osmotic pressure difference would be 5-8 mm Hg, when there was a 
significant amount of oedema fluid present. 

In three experiments slight to moderate amounts of oedema were allowed 
to form and then the perfusion pressure was reduced to about 10 mm Hg, and 
continued at this level for 10-15 min. There was no perceptible absorption of 
oedema fluid, as judged by changes in blood volume in the reservoirs and 
appearance of the lungs, and the final weighed amount of oedema fluid was in 
the usual range. Thus in these experiments any transmural colloid osmotic 
pressure drop tending to resolve oedema was probably below 10 mm Hg. 

Blood content of perfused lungs. Part of the increase in lung weight during 
and after perfusion was due to engorgement of capillaries with blood, which 
would not all be released on ceasing perfusion. The rates of oedema fluid 
formation in Fig. 3 (based on the total increase in lung weight) are therefore 
greater than if allowance had been made for this engorgement. The lung blood 
content was estimated by measuring the iron content of normal rabbits’ 
collapsed lungs and those with oedema after perfusion. We found that about 
_ 15-25% of the increase in weight of oedematous lungs was due to irreversible 


vascular engorgement with blood. As would be expected, this percentage bore 


an inverse relationship to the amount of oedema fluid present. - 

CO, content of ventilating air and oedema formation. Karly experiments 
showed that perfused lungs ventilated with air become oedematous at a more 
rapid rate than those ventilated with 5° CQ, in air, for any given perfusion 


pressure (Fig. 3). A series of experiments was performed with CO, percentages 


from 0 to 7-5 and the same perfusion pressure (34-35 mm Hg). Although there 
was no doubt that a low CO, content was associated with rapid oedema forma- 
tion there was no direct correlation in the range 3-75-7-5% CO, in air. The 
figures for blood volume changes suggested that the vascular bed expanded 
less with 5% CO, than with lower contents of the gas. With 5% CO, in 
air the mean distensibility was 0-059 ml./mm Hg/g lung, compared with 
0-080 ml./mm Hg/g lung for air. This may partly explain differences in 
transudation rate. 


Pulmonary perfusions with Ringer—Locke solution 


_ When the lungs were perfused with Ringer—Locke solution and ventilated 
with air there was great variation in results. Thus in two experiments with a 
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mean perfusion pressure of 16 mm Hg the lungs of one rabbit flooded with 
26 g oedema fluid in 50 sec, while those of the other took 10 min to form 5 g of 
fluid. This phenomenon of ‘flooding’ was seen in nearly half the experiments 
in which ventilation was effected with air and the perfusion pressures were 
over 15 mm Hg. Ventilation with 5% OO, in air never caused ‘flooding’ at 
pressures below 30 mm Hg, and there was far less scatter in results. In Fig. 4 
are plotted the rates of formation of oedema fluid at various perfusion pressures 
when the lungs were ventilated with air and with 5% CO,. The difference 
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Fig. 4. Relationship between rate of oedema fluid transudation and mean perfusion pressure for 
lungs perfused with Ringer—Locke solution. ©, lungs ventilated with air; x , lungs ventilated 
with 5% CO, in air. The right-hand part of the abscissa scale is logarithmic. 


between the two series is possibly due to changes in the pH of the perfusate. 
Measurements of pH after perfusion through lungs ventilated with air showed 
that the pH rose from a mean value of 7-20 to 7-68. When the lungs were 


ventilated with 5° CO, in air the pH dropped to 6-70. The pH was always 


measured from a mixed sample of perfusate at the end of the perfusion. It was 
our impression that this effect was associated with differences in tone of the 
vascular bed. With 5% CO, in air the mean distensibility of the pulmonary 
circulation was 0-096 ml./mm Hg/g lung compared with 0-12 ml./mm Hg/g lung 
on ventilation with air, but this difference was not statistically significant. 


The rate of absorption of alveolar fluid containing protein — 
Previous investigators have shown that protein-rich fluids are absorbed 
slowly from the alveoli as compared with saline and distilled water (Courtice & 
Phipps, 1946; Courtice & Simmonds, 1949). However, according to Starling’s 
hypothesis, if the transmural colloid osmotic pressure difference is lower than 
the hydrostatic pressure difference then the oedema fluid volume should 
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actually increase. To test this, serum was diluted with saline to appropriate 
concentrations and 6 ml. quantities were injected into the tracheas of rabbits 
anaesthetized with pentobarbitone sodium. In these experiments the lungs 
were not artificially perfused. After 5-10 min the rabbits were killed and their 
lungs and hearts weighed. In Fig. 5 the results are expressed as the change in 
weight/sec/g of lung, plotted against the percentage dilution of serum. The 
regression line is drawn, the correlation between the two variables being 
significant at less than the 1 % level (¢=3-22). With undiluted serum there was 
an increase in fluid weight presumably due to passage of liquid from the lung 
capillaries into the alveolar spaces. These results are discussed below; we have 
not extended them since their value is qualitative only. 
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Fig. 5. Rates of change in weight of fluids introduced into lungs. Ordinate, increase or decrease 
in weight of lung + fluid; The regres- 
sion line is drawn. 


DISCUSSION 
 Starling’s hypothesis can be expressed as 


(P—7), 

where dS/d¢ is the rate of passage of fluid across the capillary membrane, A is 
the capillary surface area across which transudation takes place, 7 is the 
thickness of the endothelial wall, P is the transmural hydrostatic pressure 
difference, z is the transmural colloid osmotic pressure difference and k is the 
permeability coefficient. 

If we consider, first, pulmonary fluid balance at capillary pressures too low 
to cause alveolar exudate, the Starling formula is difficult to apply since we 


i! 
a 
% 
qj 
a 
A. 


OEDEMA IN PERFUSED LUNGS 299 


can measure directly neither the tissue colloid osmotic pressure nor the tissue 


_ hydrostatic pressure. Thus it is possible that P may be not merely the capillary 


blood pressure but may include a component due to tissue pressure or to 
surface tension of any alveolar film of moisture. The latter is likely to be small, 
since Pattle (1955) has shown that the protein lining of the alveoli has an 
extremely low surface tension. There is, however, bound to be a tissue pressure 
gradient across the capillary-alveolar wall varying from the capillary blood 
pressure (a mean of about 8mm Hg) to the alveolar pressure (a mean of 
0 mm Hg). The shape of this gradient is not known, and it will vary with both 
cardiac and respiratory cycles. 


Hydrostatic Osmotic Hydrostatic Osmotic 
pressure _— pressure pressure pressure 
Alveoli 0 0 0 
Tissues WA 0 17 9 
Pressure gt 8 
difference 


Capillaries 8 25 16 25 


A | B 
Fig. 6. Diagram illustrating possible physical factors controlling the volume 
of extracellular fluid in the alveolar wall. For description see text. 


If the fluid balance in the alveolar wall is in equilibrium then conditions 
similar to those represented in Fig. 6A must apply. Here there is a capillary 
blood pressure of 8 mm Hg and a colloid osmotic pressure of 25 mm Hg.., If the 
tissue and alveolar pressures are atmospheric then for equilibrium the tissue 
colloid osmotic pressure must be 17 mm Hg, since if the tissue colloid osmotic 
pressure were less than 17 mm Hg water would be drawn out of the tissues 
until they were dehydrated sufficiently to give this osmotic pressure. If there 
is a positive tissue hydrostatic pressure then the protein concentration will be 
even higher to attain equilibrium. If the capillary blood pressure rises the 
equilibrium will be disturbed and fluid will pass into the alveolar wall (in 
response to the greater transmural hydrostatic pressure difference) until the 
tissue protein is diluted sufficiently to increase the colloid osmotic pressure 
drop (Fig. 6B). One would therefore expect an increase in pulmonary capillary 
blood pressure to be associated with a waterlogging of the tissues, or interstitial 


- oedema, concurrently with the change in wall thickness caused by capillary 


distension. 
We wish to emphasize that this is a theoretical conclusion based upon 

(1) the validity of Starling’s hypothesis, (2) the absence of lymphatic drainage 

from the alveoli (Miller, 1947), and (3) the absence of evaporation from the 


alveolar surface. The latter is relatively small and independent of the volume of 
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extracellular fluid. It would tend to concentrate the extracellular protein. It 
is impossible to draw accurate quantitative conclusions because we know the 
shape of neither the tissue nor the colloid osmotic pressure gradients in the 
alveolar wall, and both capillary and tissue hydrostatic pressures will be 
fluctuating with the cardiac and respiratory cycles. Chinard & Enns (1954) 
have shown that there is an extremely rapid exchange of water and small 
electrolytes between the plasma and the alveolar tissues, and one might expect 
changes in the tissue fluid volume during these cycles. 

With capillary pressures high enough to cause alveolar transudate the appli- 

cation of Starling’s hypothesis is further complicated. In the first place the 
capillary—alveolar barrier may have two layers (Low, 1953); in the calculations 
in this paper we have assumed that transudation takes place through a single 
layer, while realizing that this may introduce an error. Secondly, we can only 
measure the transmural colloid osmotic pressure drop if there is sufficient 
oedema fluid present to determine its protein content. Our measured protein 
content of rabbit oedema fluid seemed surprisingly high, but it agrees with the 
results of Cheng (quoted by Cameron, 1948) who found a protein content of 
_ lung oedema fluid of 4-7-5-2 g/100 ml. in rabbits after intravenous adrenaline 
or intracisternal fibrin, which were thought to cause pulmonary oedema by 
producing left heart failure. The rabbit has a high protein level in extracellular 
fluid elsewhere in the body. A large series of estimations of the protein content 
of subclavian duct lymph from unanaesthetized rabbits gave a mean value of 
3°55 g/100 ml. which presumably reflects conditions in the extracellular fluid of 
the forelimb (Hughes, May & Widdicombe, 1956). We believe then that both 
with physiological pulmonary vascular pressures and in the presence of 
alveolar transudate there is likely to be a high extracellular protein content 
and therefore a low transmural colloid osmotic pressure drop. 
_ This conclusion is supported by the results of the experiments with intra- 
pulmonary serum and serum-saline mixtures. It has been shown by Courtice 
& Phipps (1946) and by Courtice & Simmonds (1949) that protein solutions 
are absorbed very slowly from the lungs compared with saline and distilled 
water, but according to Starling’s hypothesis if the alveolar fluid has a 
sufficiently high protein content water should pass from the capillaries and 
dilute the alveolar fluid. Presumably in the longer-term experiments referred 
to above the slow absorption by the bronchiolar lymphatics overcame the 
immediate increase in alveolar fluid which we have described. Although we 
can. draw no quantitative conclusions from these results it is interesting to 
note that the rates of change in lung weight in Fig. 5 are of the same order as 
those seen in Fig. 3. 

Examination of Figs. 3 and 4 shows that the rate of sedi fluid formation 
does not bear a linear relationship to perfusion pressure except perhaps at low 
pressures. The fact that transudation per unit pressure difference (A/T) 


x 
LS 
2 
> 
ong 
a 


OEDEMA IN PERFUSED LUNGS 301 


increases with perfusion pressure is most likely due to the distensibility of the 
pulmonary blood vessels, since an increase in pressure will increase the 
capillary surface area and decrease the thickness across which oedema fluid 
passes. We can test this explanation by assuming certain simplifications of the 
geometry of the pulmonary vascular bed. The vascular volume bore an 
approximately linear relationship to perfusion pressure over the range of 
pressures in these experiments, as has been shown by Carlill & Duke (1956) for 
cats’ lungs, and by Sarnoff & Bergland (1952) for the dog. If we assume that 
the lung vessels consist of uniform cylinders which on distension increase their 
diameter and length proportionately, then the surface area (A) will vary with 


x 
4r- 
x <—— 32mmHz 
- 
a 
= 
re 
2 4 6 | 8 


Oedema fluid flow (g/sec/g lung x 10°) 


Fig. 7, Rates of oedema fluid transudation (abscissa) plotted — 
Pt (P-—m). For description see text. 


perfusion pressure to the power of two-thirds. Furthermore, if the capillary 
membrane thickness is inversely related to the surface area, then Staring 8 
equation can be rewritten 

ockP* (P—7). 

In Fig. 7 the rate of oedema fluid formation (dS/dt) is plotted against 
Pt (P—m). For blood there is an approximately linear relationship until a 
perfusion pressure of about 32 mm Hg is reached, after which the curve 
flattens sharply. Ringer-Locke perfusions also give an approximately linear 
relationship at low pressures, with a sharp change in slope of the curve when 
about 22 mm Hg is reached. The linearity at low pressures is consistent with 
the view that the increase in oedema fluid flow (with pressures up to 30 mm Hg 
for blood and 20 mm Hg for Ringer-Locke solution) is due not only to the 


_ transmural hydrostatic pressure but also to the changing surface area and 
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diminished thickness of the capillary wall, and that the permeability coefficient 
for unit surface area and unit thickness (k) is constant over those ranges. 
When these pressures are exceeded the value of the coefficient increases 
rapidly, presumably owing to endothelial damage. That this point is not 
reached at the same hydrostatic pressure for both blood and Ringer—Locke 
solution is probably because rabbits’ lungs are considerably more distensible 
with the latter fluid. At a pressure of 30 mm Hg with blood there was a mean 
vascular volume of 2°1 ml./g of lung, while at a pressure of 20 mm Hg of 
Ringer—Locke solution the volume was 1-9 ml./g. Throughout the range of 
pressures used we found that, for any given pressure, nearly 50% more 
Ringer-Locke solution than blood entered the vascular bed. This may be due 
to the presence in blood of substances maintaining capillary tone. 

We have assumed that the pulmonary vascular bed increases its volume 
uniformly on rise in pressure. An alternative possibility is that previously 
closed vessels open up, as has been shown by Wearn, Ermstene, Bromer, Ban, 
German & Zschiesche (1934) and by Ramos (1955). It is likely that the 
perfusion pressures used were sufficiently high to maintain the patency of the 
entire vascular bed, but even if the increase in blood capacity were due to 
opening of new vessels our general conclusions would be the same; there would 
be greater deviation from linearity in Fig. 7 for the lower pressures, and 
Starling’s equation would become 


okP (P—7n), 
since the thickness of the alveolar capillary barrier would not change. Both 
processes may take place, at least at low pressures. 

Ramos (1955) has perfused rabbits’ lungs with Ringer—Locke solution and 
measured the rate of oedema fluid flow from the cannulated trachea. We can 
confirm his general conclusions that the increased transudation at high per- 
fusion pressure is due to an increase in endothelial surface area as well as to 
the raised pressure, but since he did not record capillary pressure or oedema 
flow, and the lungs were not ventilated, our results are not comparable 
quantitatively. 

The value of the permeability coefficient can be estimated from our results — 
if we know the capillary surface area and the thickness of the alveolar—capil- 
lary barrier. The average lung blood volume at a mean pressure of 15 mm Hg 
was about 8 ml. If the lung blood vessels were uniform cylinders of radius 5 
the surface area would be 32,000 cm*. Short (1950) has estimated the total 
alveolar area of the rabbit (weighing 1-5 kg, but of unspecified pulmonary 
- inflation) as 25,000 cm?, on the basis of histological measurements. The 
capillary-alveolar barrier may be as thin as 0-2 » in collapsed lung (Low, 1953) _ 
and must be considerably less than this in engorged and inflated lungs. Using 
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these values and a colloid osmotic pressure difference of 7 mm Hg, the mean 
permeability coefficient (k) is 1-7 x 10-18 ml./sec/cm?/cm H,O/cm. This should 
be compared with the value of 7:5 x 10-18 ml./sec/em?/em H,O/em given by 
Pappenheimer & Soto-Rivera (1948) for the capillaries of the perfused hind 
leg of the cat. Our figure would be too low if the capillary surface area is 
overestimated (we have assumed that all the lung blood is in the capillaries), 
and if the transmural colloid osmotic pressure is greater than 7 mm Hg. On 


‘the other hand, the rabbit is notoriously susceptible to pulmonary oedema 


and might. be expected to have higher permeability coefficients than the 
cat. 

The experiments with Ringer—Locke solution gave variable results, even 
when 5°% CO, was added to the inspired air, and this was probably because the 
solution lacked the buffering power of blood. Even with blood, however, 
ventilation with air caused a more rapid accumulation of oedema fluid than 
ventilation with 5% CO,, presumably because the perfusing blood became 
depleted of CO, and the pH rose. We do not know whether the changes in 
pulmonary capillary blood pH which might occur in physiological conditions 
would be great enough to affect the capillary permeability. 

The maintained transfer of fluid across the rabbits’ lung at a perfusion 
pressure of 15 mm Hg was, in our experiments, 0-1 ml./min, and at capillary 
pressures in the physiological range the maintained rate of fluid transfer would 
have been insignificantly small. At pressures below 15 mm Hg the absence of 
pulmonary oedema is more likely to be due to the impermeability of the 
capillary walls to protein than to a colloid osmotic pressure drop opposing 
oedema formation. As pressure rises the extracellular fluid volume and protein 
content is adjusted to produce equilibrium; furthermore the capillary endo- 
thelium stretches and becomes more permeable to protein, although the 
permeability coefficient per unit area and unit length of path remains constant © 
at pressures below 30 mm Hg for blood. This agrees with the conclusions of 
Shirley, Wolfram, Wasserman & Mayerson (1957), who showed that large 
infusions of albumen solutions into dogs caused an increase in the transfer of 
labelled serum albumen and dextran from the plasma to the right duct lymph, 
and concluded that pulmonary congestion was increasing the size of capillary 
pores through which the albumen and dextran passed. Once alveolar exudate 
is present the low transmural colloid osmotic pressure difference will hinder 
the reabsorption of fluid, for if the vascular pressures are restored to normal 
values the capillary—alveolar barrier will again be impermeable to protein, and 


_ there will be little pressure drop tending to the absorption of water. 
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SUMMARY 


1. The rate of oedema formation has been measured in ventilated rabbit 
lungs perfused with heparinized blood and with Ringer—Locke solution. 

2. Oedema fluid collected slowly with capillary blood pressures of 20- 
30 mm Hg, above which the rate increased rapidly. 

3. Rates of oedema fluid formation were considerably higher when the 
lungs were ventilated with air as compared with 5% CO, in air. 

_ 4. The protein content of the oedema fluid was 4-7 g/100 ml., with a trans- 
mural colloid osmotic pressure difference of about 7 mm Hg. 

5. The permeability coefficient of lung capillaries has been estimated, and 
may be appreciably less than the coefficients for other vascular beds. 

6. On theoretical grounds it is thought that a rise in capillary blood pressure 

within the physiological range must lead to an increase in alveolar interstitial 
fluid, and that there is normally a high tissue colloid osmotic pressure. 
7. It is suggested that at low vascular pressures fluid crosses the capillary 
wall at slow rates owing to the low permeability of lung capillaries to protein 
rather than to an opposing transmural colloid osmotic pressure difference; at 
higher pressures the increase in flow is partly due to an increase in surface area 
and thinning of the membrane. 


REFERENCES 
AvsritTon, E. C. (1952). Ed. Standard values in blood, p. 96. Philadelphia: Saunders. 
Born, G. V. R. (1954). Acute oedema in the isolated, perfused lungs of rabbits. J. Physiol. 124, 
502-514. 


Cameron, G. R. (1948). Pulmonary oedema. Brit. med. J. i, 965-972. 


CaRuitt, 8. D. & Dux, H. N. (1956). Pulmonary vascular changes in response to variations in 
left auricular pressure. J. Physiol. 138, 275-286. 


CurnarD, F. P. & Enns, T. (1954). Transcapillary pulmonary exchange of water in the dog. 
Amer. J. Physiol: 178, 197-202. 


Courtice, F, C, & Pureps, P. J. (1946). The absorption of fluids from the lungs. J. Physiol. 105, 
186-190. 


Courticg, F, C, & Stumonps, W. J. (1949). Absorption from the lungs. J. Physiol. 109, 103-116. 

Hueues, R., May, A. J. & Wippicomss, J. G. ee The output of lymphocytes from the 
lymphatic system of the rabbit. J. Physiol. 132, 384-390. 

Lanois, E. M. (1927). The relation between Se = ure and the rate at which fluid passes 
through the walls of single capillaries. Amer. J. Physiol, 82, 217-238. 


Low, F. N. (1953). The pulmonary alveolar epithelium of laboratory animals and man. Anat. Rec. 
117, 241-252. 


Der Kolloidosmotische Druck biologischen Fliscigkeiten. Ergebn. Physiol. 34, 


Hic a S. (1947). The Lung, pp. 98-118. Springfield: Thomas. 

PaPPENHEIMER, J. R. & Soro-Rrvera, A. (1948). Effective osmotic pressure of the plasma 
proteins and other quantities associated with the capillary circulation of the hindlimbs in cats 
and dogs. Amer. J. Physiol. 152, 471-491. 

Pattie, R. E. (1955). Properties, function and origin of the alveolar lining layer. Nature, Lond., 

175, 1125-1126. 

Ponper, E. (1942). The relation between red blood cell density and corpuscular haemoglobin 

concentra: tration. J. biol. Chem. 144, 333-338. ; 


oy 
= 


OEDEMA IN PERFUSED LUNGS 305 


Ramos, J. G, (1955). On the dynamics of the ’s capillary circulation. I. The mechanical 

factors. Amer. Rev. Tuberc. 71, 822-839. 

Sarnorr, J. J. & BerGiann, E, (1952). Pressure-volume characteristics and stress relaxation in 
the pulmonary vascular bed of the dog. Amer. J. Physiol. 171, 238-244. 

Suey, H. H., C. G., WasseRman, K. & Mayerson, H. (1957). Capillary perme- 
ability to macromolecules: stretched pore phenomenon. Amer. J. Physiol. 190, 189-193. 


Snort, R. H. D. (1950). Alveolar epithelium in relation to growth of the lung. Phil. Trans. B, 
235, 35-86. 

Srarzina, E. H. (1894). The influence of mechanical factors on lymph production. J. Physiol. 16, 
294-267. 


Weraky, T. J., Exmstene, A. C., Bromer, A. W., Ban, J.8., German, W. J. & Zscniescue, L. J. 
(1934). The normal behaviour of the pulmonary blood vessels with observations on the 
intermittence of the flow of blood in the arterioles and capillaries. Amer. J. Physiol. 109, 
236-256. 


. 
A 
a 
4 
Ag 
te 
<a 
4 
‘ 


J. Physiol. (1958) 142, 306-313 


THE EFFECT OF PULMONARY CONGESTION AND OEDEMA 
ON LUNG COMPLIANCE 
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The effect of changes in pulmonary vascular pressure and volume on lung 
compliance has been little studied in experimental animals. Drinker, Peabody 
& Blumgart (1922) found a reduction in tidal volume (with constant pressure 
inflations) of about 40-70% following constriction of the pulmonary veins in 
cats with intact chests. However, pulmonary capillary pressure was not 
measured, and the same criticism applies to more recent work along the same 
lines (Mack, Grossman & Katz, 1947; Heyer, Holman & Shires, 1948). With 
excised lungs, Frank, Radford & Whittenberger (1955) found that increasing 
static capillary pressure from 0 to 12 mm Hg did not change the compliance, 
and recently, Borst, Berglund, Whittenberger, Mead, McGregor & Collier 
(1957) have described experiments in living dogs in which pulmonary vascular 
congestion caused only small decreases in compliance. In man, Bondurant, 
Hickam & Isley (1957) state that. vascular engorgement causes a large fall in 
compliance (—55%), but this was not correlated with pulmonary vascular 


pressures. Saxton, Rabinowitz, Dexter & Haynes (1956) measured pulmonary 


‘wedge’ pressures in normal subjects and in patients with heart disease, and 
found that there was no consistent correlation between pressure and compliance 
in the majority of cases. More consistent results have been obtained in patients 
with mitral stenosis and congestive heart failure, where there is a considerable 
decrease in compliance (Christie & Meakins, 1934; Brown, Fry & Ebert, 1954) 
but this may be due to fibrotic and other chronic changes in the lungs. In view 
of these differences of opinion in the literature, the results reported here seem 
of value. 

Compliance has been measured in perfused lungs in which the vascular 
pressures were altered over a wide range (Hughes, May & Widdicombe, 1958). 
In addition, pulmonary oedema was deliberately produced in many rabbits, 
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and the compliance changes correlated with the degree of oedema. These 
experiments with perfused lungs are compared with results in intact cats with 
pulmonary congestion. 

METHODS 


Full details of the perfusion technique are given in a preceding paper (Hughes et al. 1958), so that 
only a summary is included here, with details of the method of recording compliance. : 

Rabbits were anaesthetized with intravenous pentobarbitone sodium (Nembutal, Abbott — 
Laboratories Ltd., 32-40 mg/kg) and heparinized (10 mg/kg). The lungs were perfused in situ with 
blood from a donor rabbit, the perfusion pressures being non-pulsatile with a small drop in 
pressure (about 2-4 mm Hg) across the lungs; this allowed fairly accurate assessment of the 
pulmonary capillary pressure, which was taken as the mean of pulmonary arterial and venous 
pressures, and will be referred to as the mean perfusion pressure. Perfusion was started with 
a mean pressure of about 10 mm Hg, raised in one or more steps to pre-selected values, and kept 
there for several minutes before returning to the control level. 

The lungs were ventilated with air at constant positive pressure, using the method of Konzett 
& Réssler (1940) to measure compliance. This indicates tidal volume changes at constant inflation 
pressure, and is thus a measure of ‘dynamic’ compliance. An expiratory resistance of 2mm Hg 
was included. In expressing results the mean ventilation positive pressures (usually about 
5 mm Hg) have been subtracted from the mean perfusion pressures. 

Pulmonary oedema was assessed from changes in the volume of blood in the perfusion reservoirs, 
at times when the lung blood volume was expected to be constant, i.e. when the perfusion pressures 
were not changing. Oedema was measured at the end of each experiment by weighing the lungs 
and heart and comparing the values with a known mean lung: heart ratio (1-53, s.p. + 0:11) for 
normal lungs. 

In cats (anaesthetized with intraperitoneal pentobarbitone) pulmonary congestion was produced 
during spontaneous breathing. The left atrium was cannulated with a polyethylene tube to which 
a thin rubber balloon was attached. On the pulmonary side of this balloon a saline-filled cannula 
was inserted and pressure was. recorded from this by means of a capacitance manometer. An 
intrapleural catheter was inserted, through which intrapleural pressure was measured with a 
capacitance manometer, and the chest was closed round the three tubes. Lung volume changes 
were measured from an integrated pneumotachograph record. Compliance was determined from 
the intrapleural pressures at points of zero air flow and the corresponding lung volumes. Since 
the former were sometimes difficult to determine in rapidly breathing cats, compliance was also 
estimated by inflating the lungs with positive pressure by a syringe and measuring the trans- 
. pulmonary pressures at different inflation volumes. . 


RESULTS 

Perfusion pressure and compliance 
In thirty-four experiments with rabbits compliance was measured at more 
than one level of mean perfusion pressure. Fig. 1 shows a typical response 
before and after oedema had appeared. In Fig. 2 are plotted results from four 
experiments in which four or more compliance measurements were made at 
different mean perfusion pressures. The relationship is approximately linear 
over the range of pressures used, and this was found in all the experiments. 
Assuming a linear relationship the mean percentage change in compliance, per 
mm Hg increase in blood pressure, was 0°8 (34 experiments, s.D. + 0-30). The 
greatest change in compliance was a 31% reduction on raising the mean 
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perfusion pressure from 11 to 38 mm Hg. In Fig. 2 the straight line represents 
the mean pressure :compliance relationship for all experiments corrected to an 
initial perfusion pressure of 10 mm Hg. 

In measuring compliance at high mean perfusion pressures the possibility 
that oedema fluid was present had to be considered. The results in Fig. 2 were 
obtained with conditions to minimize oedema; the pressure was raised for 


Tidal volume (ml.) 


P.V.P. (mm Hg) 


Fig. 1. The effect of changes in perfusion pressure on lung compliance in a rabbit. Uppermost 
trace, ‘overflow’ volume calibrated to measure tidal volume; middle trace, P.V.P., pulmonary 
venous pressure; lowest trace, P.A.P., pulmonary arterial pressure. Both vascular pressures 
are raised to three levels, the first causing a reversible decrease in compliance, the second 
a decrease in compliance probably with some pulmonary oedema, and the third severe 
pulmonary oedema. On lowering the perfusion pressure after the third engorgement com- 
pliance continued to fall. 


a short period only, and if on lowering the pressure the compliance did not 
return to the control value (Le. if oedema was probably present) only the 
initial change in compliance on increasing perfusion pressure was used. When 
oedema was obviously present, changes in mean perfusion pressure frequently 
caused paradoxical effects (Fig. 1). These were seen when the pressure was 
lowered, and consisted of a further decrease in compliance. Records of volume 
of reservoir blood showed that oedema fluid was not being formed at this time, 
which was in any event unlikely since the mean perfusion pressure was low. 


Compliance changes in spontaneously breathing cats 
Fig: 3 gives results from seven experiments in which compliance was 
measured during spontaneous breathing (circles). The scatter may be partly 
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Perfusion pressure (mm Hg) 


L 
10 20 30 
Compliance (% decrease) 
Fig. 2. The relationship between mean perfusion pressure (ordinate) and percentage decrease in 
_ lung compliance (abscissa) in rabbits. Results from four experiments are plotted. The thick 
line is the mean of results from thirty-four rabbits. | 


due to the fact that the venous pressures are means estimated from the pulse 
wave, and partly through difficulty in measuring intrapleural pressures at 
points of zero air flow in rapid breathing. The compliance decreases may 
therefore be overestimated. Fig. 3 also gives results when compliance was 
measured by positive pressure inflations with a syringe (ten cats, crosses). 
Here there is less scatter, and the change is smaller than that seen when 
breathing was spontaneous. We feel that the difficulty in estimating compliance 
when respiration is vigorously stimulated by pulmonary congestion makes the 
Tesults with syringe inflations more reliable than those during spontaneous 
breathing. 

Comparison of Fig. 3 with Fig. 2 es that changes in pulmonary vascular 
pressure in cats with intact chests caused a decrease in compliance similar to 
the effect seen in rabbits with perfused lungs, when the perfusion pressure was 
raised to the same mean value. The mean value for cats was a decrease in 
compliance of 0-85% per mm Hg rise in left atrial pressure during spon- 
taneous breathing, and 0-30% per mm Hg for arene inflations, assuming 
linearity over the pressure range. 
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Compliance (% decrease) 

Fig. 3. The relationship between increase in L.A.P., left atrial pressure (ordinate), and the 
percentage decrease in compliance (abscissa) in cats with closed chests. ©: compliance was 
measured from lung volume and transpulmonary pressures at points of zero air flow during 
inspiration; 7 cats were used, and each point is the mean of up to 5 determinations at each 
pressure. x: the lungs were inflated with a syringe; 10 cats were used, each point being the 
mean of 5-15 inflations with different volumes at each pressure. 
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Proportionate increase in lung weight 
x 
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0 50 100 
Compliance (% decrease) 
Fig. 4. The relationship between the proportionate increase in lung weight due to oedema fluid 
(ordinate) and the percentage decrease in compliance (abscissa). 
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Oedema fluid and compliance 
In twenty-six rabbit experiments the total amount of oedema fluid at the 
end of the experiment was estimated, and these results are plotted in Fig. 4 


against the corresponding decreases in compliance (measured at the same 
perfusion pressure as at the start of the experiment). 


DISCUSSION 


Our results indicate that even very large rises in mean pulmonary vascular 
pressure do not greatly affect lung compliance, the largest decreases in com- 
pliance being about 30%. Drinker et al. (1922) found that distension of the 
left atrium causes a decrease in compliance of about 40-70% in cats with 
intact chests, but only of 22 % if the chest was opened. These percentages have 
been calculated from the illustrations to their paper. They thought that with 
a closed chest pulmonary congestion caused a decrease in functional residual 


capacity (since blood took the place of air) and that this reduced the com- 


pliance, while with an open chest the whole lung volume increased without 
a fall in functional residual capacity or considerable change in compliance. 
But, since the elastic resistance of the chest wall is small (about 40 % of the 

lung elastic resistance in anaesthetized, heparinized cats (J. G. Widdicombe, 
unpublished experiments)), this explanation is unlikely to account for the large 


difference seen by Drinker et al. (1922) unless the lungs were expanded nearly 


to the limit of chest wall distension. Their cats were ventilated by positive 
pressure with an expiratory resistance, but the value of the latter was not 
stated. Since in addition pulmonary vascular pressures were not measured, 
their work eludes clear interpretation. 

Similar considerations apply to the results of Mack et al. (1947). These 
workers measured compliance changes in perfused dogs’ lungs with vascular 
engorgement, and in dogs with intact circulation and compressed pulmonary 
veins, Compliance was reduced about 40 and 20% in the two types of experi- 


_ ment, but pulmonary vascular pressures were not measured. In our experience 


complete occlusion of the pulmonary veins may increase pulmonary venous 
pressure to over 80 mm Hg in the cat. Our results probably agree with those 
of Frank et al. (1955), who found no change in compliance when the static 
blood pressure in excised lungs was increased from 0 to 12 mm Hg. From our 
figures one would expect a decrease of 3-10% in compliance in the cat; this 
may not have been detectable by their method, full details of which have not 
been published. We also agree with Borst et al. (1957), who showed that, in 
open-chest dogs whose lungs were perfused and ventilated with a pump, 
increases in left atrial pressure up to 60 cm H,0 only decreased compliance by 
20-30 %. 
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Work on man has given conflicting results. There is no doubt that compliance 
is considerably reduced in congestive heart failure and in mitral stenosis. Karly 
experiments by Christie & Meakins (1934) showed a mean reduction of about 
70% of normal controls, whereas Brown et al. (1954) found a reduction of about 
50°. Neither measured pulmonary capillary pressures. Saxton et al. (1956) 
found similar reductions in compliance in cardiac patients, but the compliance 
showed no correlation with pulmonary capillary pressure (measured by the 
‘wedge’ technique); the latter ranged from 5 to 40 mm Hg in nineteen patients. 
Furthermore, when capillary pressure was varied by exercise there was corre- 
lation between pressure and compliance in only three out of eight patients. 
It therefore seems more likely that in cardiac disease the increased stiffness of 
the lungs is due to fibrotic and pathological changes in the lungs rather than 
to vascular congestion. 

In normal subjects large intravenous infusions of saline and albumen solu- 
tions cause a fall in compliance of up to 50% (Pryor & Page, 1954; Pryor, 
Hickam, Page & Sieker, 1955), but once again pulmonary capillary pressures 
were not measured, and the possibility of interstitial oedema cannot be ruled 
out. Bondurant e al. (1957) have produced lung engorgement by inflation of 
a ‘G suit’ and by immersion of the body beneath water, and found that lung 
compliance was reduced by over 50%, but the same criticism applies. It is 
clear that further experiments in man are required to determine the effect of 
pulmonary vascular congestion on lung compliance. — 

The cat experiments show that there are similar changes in compliance on 
congestion with either positive or negative pressure ventilation, the average 
result being less than in perfused rabbits’ lungs. This may be due to the per- 
fusion technique, but it is also possible that there is a species difference; the 
rabbit is far more susceptible to pulmonary oedema than the cat, and inter- 
stitial oedema may have been present in the absence of macroscopic evidence. 
We have been unable to experiment at vascular pressures below about 
10 mm Hg, since the ventilation pressures produce large blood-pressure arti- 
facts at these levels; but there is no reason to suppose that changes in 
vascular distension would have a greater effect on compliance at low vascular 
pressures. | 

When oedema fluid forms, a doubling of the lung weight is associated with 
a decrease in compliance of about 30%, and compliance only drops to zero (as 
determined by constant pressure inflations) when the lung weight is increased 
fourfold. Whether the oedema was uniform or whether it was unevenly 
distributed in the lungs is not known.. But it seems that compliance is only 
slightly affected by small degrees of oedema, just as it is only slightly decreased 
by small rises in pulmonary vascular pressure. | 
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SUMMARY 


1. The changes in lung compliance caused by pulmonary vascular congestion 
and by oedema have been measured in perfused rabbits’ lungs, and in intact 
cats breathing spontaneously or inflated with positive pressure. 

2. In the perfused lungs a rise of pulmonary vascular pressure to 40 mm Hg 
reduced compliance by about 24%. 

3. In cats a rise in left atrial pressure of 50 mm Hg reduced compliance by 
about 15-40 %. 

4. In pulmonary oedema in perfused rabbits’ lungs, doubling of the lung 
weight was associated with a reduction in compliance of about 30%. 


We are grateful to Dr R. Marshall for his co-operation in some of the experiments with cats. 
Apparatus bought with a grant from the Central Research Fund of London University has been 
used. 
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THE INTERRELATIONSHIP OF BLOOD FLOW, OXYGEN 
UTILIZATION OF BLOOD AND OXYGEN CONSUMPTION 
OF HUMAN SKELETAL MUSCLE 


By R. F. MOTTRAM 
From the Division of Human Physiology, National Institute for Medical 
Research, London, N.W.3, and Physiology Department, 
St Mary’s Hospital Medical School, London, W. 2 * - 


(Received 23 January 1958) 


A method of estimating the oxygen uptake of human skeletal muscle has been 
described by Mottram (1955a). It depended on the use of the Fick principle, 
the two measured quantities being blood flow and arteriovenous oxygen 
difference, from which oxygen uptake was calculated. Apart from calculating 
the mean and standard deviation of about 160 estimations of the oxygen 
uptake of forearm muscle obtained from sixteen subjects in this way, no 
attempt was made to study the results any further. 

A similar technique was used by Holling (1939). He found that oxygen 
uptake appeared to be more constant than either blood flow or arteriovenous 
oxygen (AVQ,) difference, the observation fitting the equation: 


Blood flow x AVO, difference = constant (which is 0, uptake). 


This finding indicates that the blood flow and metabolic activity of skeletal 
muscle are independent of each other. 

In three of the subjects from whom Mottram’s observations were taken 
a sufficient number of repeated terminations of O, uptake were made in each 
arm to enable a statistical confirmation of Holling’s observations to be 
attempted, using the results from each arm separately. In only one of the six 
sets of results was Holling’s finding confirmed. In the other five, 0, uptake 
was found to vary with either the AVO, difference or the blood flow. These 
findings have been reported briefly (Mottram, 19556). In order to investigate 
this further, from ten to forty observations of O, uptake have been made 
on each of ten forearms from a further eight subjects. The results of the 
statistical analysis of these observations are reported here. 


* Present address: The M.R.C. Group for Research on Body Temperature Regulation, Depart- 
ment of the Regius Professor of Medicine, The Radcliffe Infirmary, Oxford, 
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FOREARM MUSCLE OXYGEN UPTAKE 


METHODS 


Oxygen uptake of skeletal muscle has been calculated from the observed AVO, difference of 
muscle effluent blood and the muscle blood flow; the latter was estimated from the observed total 
forearm blood flow. Details of the experimental technique have been reported in full by Mottram 
(19552). From two to six determinations of blood flow and AVO, difference were obtained at 
a single session, the number depending upon the endurance of the subject and operators and on 
the formation of blood clots in the catheter. It is important in such experiments to avoid a rise 
of muscle tension due to discomfort. Statistical analysis was applied to the pooled results of each 
subject, obtained at from two to six sessions spread over a period varying from 2 weeks to 6 months. 

Care was always taken to ensure that environmental conditions remained constant and that the 
greatest possible degree, of muscular relaxation was maintained. The environmental temperature 
was maintained between 22 and 24°C in all experiments, and the plethysmograph at 34°C. 
A constant background level of noise was maintained by the equipment which the operators took 
great care not to disturb. Subjects were asked between periods of flow recording and sampling 
whether they were comfortable, both generally and locally in the experimental arm, and steps 
were always taken to ensure the maximum comfort and muscular relaxation. Success in this was 
shown by the frequency with which subjects slept or dozed during the experiment. It is thought 
that changes in blood flow or muscle tone due to external stimuli or discomfort must have been 

Eleven healthy male subjects, aged 18-40, were studied. In four, both arms were examined, 
and in one subject samples were taken from two sites in the same arm on different occasions. 
These were treated separately because the O, content of blood differed in the two places. 

Statistical techniques. Three different relationships were investigated. First was that found by 
Holling, that blood flow varies inversely with AVO, difference, 0, uptake being constant. When 
blood flow is plotted against the reciprocal of AVO, difference, observations should lie on a straight 
line which, if extrapolated, would pass through the origin. The second was the hypothesis that 
variations in O, uptake produced corresponding variations in blood flow, and finally that variations _ 
in O, uptake were accompanied by variations in AVO, difference. In both cases observations 
should lie on straight lines which, when extrapolated, pass through the origin when O, uptake is 
plotted against blood flow or AVO, difference, respectively. 

The correlation coefficient was first calculated for each of the sets of results to be studied. 
Where this was significant (P<0-05), the equation for the regression line between the two 
quantities was then calculated, together with the 95% confidence limits of the slope of the line. 

This procedure was adopted in order to see whether the lines, if extrapolated towards the origin, 
embraced it within their limits. It should be noted that these 95% limits are not those used to 
predict values of y from known values of x, which are derived from the variance of the correlation 
coefficient, and not that of the regression coefficient. 

The results obtained from each arm were first investigated to verify the hypothesis suggested 
by Holling, the correlation coefficient between blood flow and the reciprocal of the AVO, difference 
being calculated. Where this was significant the regression equation, etc., was also calculated. 
Subsequently, correlation coefficients and regression equations were similarly found for Or uptake 
and blood flow and for 0, uptake and AVO, difference. 


RESULTS 


Table 1 presents a summary of the observations made and the results of their 
statistical analysis. In the three right-hand columns of this Table is stated 
whether the correlation coefficients were significant, their sign when negative 
and whether the origin was included within the 95% limits of the regression 
line. 
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Tape la. The number of observations made and the results of the 
statistical analyses for each of the sixteen forearms studied 


Arm and no. 1/AV oxygen diff. uptake and 


Subject ofobservations and blood flow oxygen diff. 
1. R 15 Sig. Not sig. Sig. origin incl. 
L 14 Sig. Sig. negative Sig. origin incl 
2 R 9 Sig. origin incl. Not sig. Not s 
Sig. Not sig Sig. origin incl. 
3 R_ 30 Not sig Sig. Sig. 
4 R 22 Sig. Not sig Sig. origin incl. 
5 R 42 Sig. Sig. Not sig 
6 R ll Not sig. Sig. Sig. 
L 16 ig. Sig. negative Sig. origin incl 
7 *R(a) 18 Sig. Not sig. Sig. origin incl 
(6) 17 Sig. Not sig. Sig. origin incl. 
8 18 A Not sig. Sig. origin incl. 
9 R 12 Not sig Not sig. Sig: origin incl. 
10 R ll Not sig Not sig. Sig. 
il R 12 Not 8i 8 Sig 
L 12 Sig. origin incl. Not sig Not sig 


_* (a)—three experiments with 7-5-9-0 cm of catheter inserted, along line of interosseous artery ; 
(6)—three experiments with 5-6 cm of catheter inserted, the tip lying near bifurcation of 
TaB.E 1b, Summary of the statistical results 


1/AV o dif. O ygen uptake and 
blood flow end od fow diff. 
Not sig. 5 
Sig. negative 2 
Sig. origin incl. 9 


The relationship between blood flow and 1/AVO, difference . 

In eleven out of the sixteen sets of results the correlation coefficient was 
significant, but in only two of the eleven was the origin included within the 
95% limits of the regression line. In the other nine, the regression lines, all 
with a positive slope, cut the Y (blood flow) axis at some point above the origin 
(Fig. 1). 

The relationship between oxygen consumption and blood flow 

In only four out of the sixteen sets of observations was a significant positive 
relationship found between O, uptake and blood flow. In none of these (Fig. 2) 
did the lines approach the origin, but they cut the blood flow axis at point 
1-5-2°6 ml./100 ml. muscle/min above the origin indicating that, under the 
experimental conditions, were the O, uptake of the muscle to fall to zero there 
would still be this volume of blood flowing through it. These results suggest 
that blood flow through skeletal muscle is not usually related to the muscle’s 
need for oxygen. In two cases (Fig. 2 # and F) asignificant negative correlation 
was found (in three others an insignificant negative correlation was found) 


indicating that, as blood flow increased, the oxygen uptake of the tissues 
decreased. 
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Fig. 1. Scattergrams of the individual observations of blood flow and reciprocal of AVO, difference 
from five forearms, together with the regression lines and their 95% confidence limits. 
E is one arm in which the origin is included within the limits of the line. 
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| Fig. 2. Scattergrams of the individual observations of blood flow and oxygen uptake from 
the six forearms in which this relationship is significant. In Z and F,r is negative. 
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The relationship between oxygen consumption and A VO, difference 

In thirteen out of the sixteen arms there was a significant positive relation- 
ship between oxygen uptake and AVO, difference (Fig. 3). In nine of these 
the origin was included within the 95 % limits of the slope of the regression line 
(Fig. 3 A-D). For many of these lines, e.g. Fig. 3 A, C and D, the correlation 
coefficient was high, being respectively 0-98, 0-90 and 0-93. In four subjects 
the origin fell outside the limits of the regression line, the line always cutting 
the Y axis above the origin. Three out of these four are also among the four 
subjects in whom O, uptake was related to blood flow. 
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O, consumption 
Fig. 3. Scattergrams of the individual observations of AVO, difference and oxygen uptake from 
six forearms, together with the regression lines and their 95% confidence limits. In Z and F 
the origin is beyond the limits of the lines. These arms are also shown in Fig. 2 A and C. 


DISCUSSION 

In this series of experiments the oxygen uptake of resting forearm skeletal 
muscle varied in each subject considerably from the mean value, both within 
a single session, and between different experimental sessions, which were at 
intervals of not less than 5 days. As described in Methods, precautions were 
always taken to ensure the constancy of environmental and local conditions. 
The variations that occurred between sessions on a single subject could be 
accounted for by the catheter sampling different portions of the venous blood, 
which might not be representative of the mixed venous blood from the fore- 
arm muscles. This uncertainty was corrected, as far as was possible, by 
inserting the catheter to the same distance in successive experiments and 
by withdrawing blood at a rate just not great enough to collapse the veins 
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around the catheter tip. In this way, provided the catheter lay in the plexus 
surrounding the brachial artery’s bifurcation and not in one of the tributary 
veins, it was hoped to obtain representative samples.. This may not have 
been the case in variation in apparent O, uptake that has been observed in 
this work. 

Apart from these factors, errors of analysis could be as great as 10°% in the 
analysis of blood flow records, 30% in the estimation of muscle from total 
blood flow determinations and up to 5% in AVO, difference determinations. 
It is remarkable that, in spite of these possible limits of error, any clear-cut — 
relationships should have emerged at all from this work. This suggests that the 


actual errors are much less than the values given above. 


In the statistical technique used, an attempt was first made to study the 
pooled observations from the sixteen subjects originally examined (Mottram, 


_ 1955a). It was found that, owing to the variations that occurred in the 
measurements between subjects, it was not possible to observe any significant _ 


relationship in them. It followed that the correct procedure would be to study 


individual forearms separately from each other. Each arm should have been 


studied at a single session, but experiments would have been far too protracted 
to allow this. 

The correlation coefficient was used solely as a guide for the need to continue 
with the calculations to determine the regression line formula and its limits. 


In all the statistical calculations the assumption of linearity was being tested 


for verification only over the range of actual observations. The extrapolation 
of regression lines does not assume that physiological function could be 
similarly extrapolated. The use of the regression equation itself is not ideal on 
mathematical grounds. The regression equation of y upon x (the form used) 
gives the line from which further unknown values of y can best be estimated 
from subsequently obtained values of z. This is not the ‘true’ relationship, 
though it must be closely related to it (Winsor, 1946). The 95% limits of the 
slopes calculated from the variance of the regression coefficient were used 
because in, all three sets of determinations the point of interest was whether, 

if extrapolated, the lines would or would not deviate significantly from the 
origin. 

The statistical analysis of the sinh reported in this paper shows that: 
(1) The inverse relationship between blood flow and AVO, difference, that 
would have been found had oxygen consumption been constant, was hake seen 
in two out of sixteen cases; 


(2) Oxygen uptake of the resting human forearm is a variable and not a 

constant function, and these variations are usually related to variations in O, 
extraction of the blood passing through the capillaries, and less mepnty to 
variations in blood. flow. 


é 
af 
vag 
¥ 
AG 
+a 


320 | R. F. MOTTRAM 


Concerning the second of these findings, it is necessary to consider whether 
_ Q, requirements of the tissue determine the amount of O, extracted from the 
blood, or whether the characteristics of the blood flow through the muscle 
determine its oxygen consumption. Pappenheimer (1940) found that in dogs, 
when the lumbar sympathetic chain was stimulated, there was a reduction in 
volume of blood flow from the skinned hind limb, but an increase in its O, 
content. He concluded that the vasoconstriction affected only ‘metabolic’ 
channels, and that the O, content of venous blood might more likely reflect 
changes in intimate circulatory behaviour than changes in metabolic needs of 
the tissues. Thus, the AVO, difference observed might be a reflexion of what 
proportion of the total blood flow was being made available to the tissue for 
metabolic exchanges, rather than an indication of the requirements of the 
tissues. This theory presupposes the existence of alternative channels for blood 
flow. The evidence for the existence of such channels in man has been discussed 
by Moreira, Mottram & Werner (1956), though the conclusions they derived 
from their work on raising venous pressure have since been questioned by 
Roddie, Shepherd & Whelan (1956). 

The 0, extraction of blood passing through capillaries is dependent upon its 
rate of diffusion from red blood cells to metabolizing tissues. It is possible that 
the number of open capillaries might so restrict diffusion that this becomes 
a limiting factor in O, uptake and causes it to be related to the AVO, difference. 
Krogh (1929) determined the minimum 0, tension needed to ensure adequate 
oxygenation of resting guinea-pig muscle by diffusion from the capillaries. in 
vivo. Although his results are not directly transferable to the present work, 
a pO, of 25 mm Hg is required when thirty capillaries are open in each square 
millimetre of muscle (this was the lowest number of patent capillaries Krogh 
observed). This pO, corresponds to a saturation of 40%. Only 10% of blood 
samples taken from deep forearm veins had a lower saturation than this value. 
It is therefore unlikely that diffusion of oxygen from capillaries to tissue cells 
is a factor that limits O, consumption and causes it to be related to AVO, 
difference, unless capillaries are much less frequent in human than in guinea- 
‘pig muscle. 

In the majority of people studied bleod flow and O, uptake varied inde- 
pendently of each other. This finding confirms, with the arm in a constant 
position, the observations made by Holling & Verel (1957) on forearm circula- 
tion and AVO, differences on raising the arm. Forearm blood flow fell from 
3 to 1-6 ml., but venous blood 0, fell also, and the 0, uptake of the tissues 
remained at its former level. In their paper these authors fully discuss the 
frequently quoted statements relating blood flow to metabolic activity of 
resting muscle tissue. 

In two subjects (Fig. 3 EZ, F) there was a significant negative correlation 
between blood flow and O, consumption. This means either that blood was on 
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occasion being diverted from the vessels where interchange between it and the 
tissues can occur into some other pathway, or that, in association with a high 
blood flow, the blood samples were being contaminated with blood from the 
superficial veins. If, when the veins are occluded, a large diversion of blood 
can occur from superficial to deep vessels, as shown by Roddie et al. (1956), it is 
possible that lesser diversions could occur at other times when the skin blood 
flow is raised by general body heating. However, no evidence of such a diver- 
sion was found. ; 

Zierler & Andres (1956) made observations on two subjects throughout the 
night, obtaining in one seven and in the other nine estimates of O, uptake of 
the human forearm over a period of 11 hr. In one they found a significant 
correlation between O, uptake and blood flow. As can be seen from the results 
reported here, this is a possible though not a usual result. 

The especial significance of the absence of the inverse relationship between 
blood flow and AVO, difference is that the commonly held belief that blood 
flow changes can be inferred from changes in composition of venous blood may 
not be true in the range of variations found at rest. It may still be a useful 
relationship when flow variations are occurring over a wider range than that 
reported here. The conditions under which Holling found the relationship 
to hold were peculiar in that all his experiments were performed with the 
forearm in a plethysmograph filled with water at 30° C. He has since (Holling 
& Verel, 1957) performed further studies using a plethysmograph temperature 
of 34° C and finds that at this higher temperature O, uptake of the tissues is 
— and that considerable variations occur. 


SUMMARY 


1. Statistical studies have been performed to find the relationship between 
blood flow, arteriovenous oxygen difference and oxygen consumption of human 
skeletal muscle. 

2. Oxygen consumption was found to be related to AVO, difference in 
thirteen out of sixteen forearms studied and to blood flow in four out of the 
sixteen. 

3. A significant i inverse relationship between blood flow and AVO, difference 
was only found in two out of the sixteen forearms, so it is not nestle always 
to infer changes in blood flow from changes in arteriovenous differences. 
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THE SOURCE OF BLOOD SAMPLES WITHDRAWN FROM 
DEEP FOREARM VEINS VIA CATHETERS PASSED 
FROM THE MEDIAN CUBITAL VEIN 


‘By D. R. COLES,* K. E. COOPER, R. F. BULTEAR 
anp J. V. OCCLESHAW 


From the M.R.C. Group for Research on Body Temperature Regulation, 
The Radcliffe Infirmary, Oxford 


(Received 23 January 1958) 


During the last twenty years several investigations have been made into the 
circulation and metabolism of the human forearm muscles by taking blood 
samples from the deep branch of the median cubital vein, from which blood 
flows into the superficial veins above the elbow. Samples have been obtained 
by a catheter passed upstream into the deep veins of the forearm, or by puncture 
of the deep branch where it lies under the skin. In all studies neither the position 
of the tip of the catheter nor the source of the blood have been accurately 
determined. 

Bazett, Love, Newton, Eisenberg, Day & Forster (1948) suggest that hind 
effluent blood can enter the deep forearm veins. Other possible sources of 
blood in these veins include bone, muscle and skin. There are no major veins 
draining the skin passing through the deep fascia of the forearm and connecting 
with the deep veins, though the possibility must be considered that moa 
functional communications may exist. : 

The present observations were made to investigate the location of a catheter 
introduced through the deep branch of the median cubital vein and the source 
of the blood samples. The observations fall into three groups: 

1, anatomical dissection of veins in the antecubital fossa; 

2, measurement of the oxygen content of deep venous blood; and 

3, the course taken by substances introduced into a superficial vein near the 
METHODS 


The veins in the antecubital fossae of twenty-four arms were examined in the dissecting room. 
In sixteen out of the twenty-four arms, attempts were made to decide, from the anatomical 
Beatie of the venous plexus, the source of the blood in the deep branch of the median cubital 
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vein and the possible routes that a catheter might have taken had it then been introduced 
into it. 

Thirty-two experiments were performed on eleven subjects in which deep forearm veins were 
catheterized as described by Mottram (1955). Samples of blood were taken for determination of 
oxygen content with and without a wrist cuff inflated to 250 mm Hg. Samples were taken 4}- 
5 min after circulatory arrest of the hand, One sample was also taken 5 min after release of 
circulation of the hand. Samples were analysed in duplicate by the Roughton Scholander syringe 
method. Duplicates greater than 0-2 ml./100 ml. apart were rejected. 

In other experiments 10 mg of Evans Blue dye (T. 1824) in 1 ml. of sodium chloride solution 
(0:9% w/v) was injected into the cephalic vein immediately proximal to the wrist cuff. Samples 
of deep venous blood were taken during successive periods of 1 min before and after inflation of 
@ pneumatic cuff to 50-70 mm Hg above the elbow. The plasma was separated by centrifugation 
and the dye content observed visually. In two experiments 4 ml. of sodium diatrizoate contrast 
medium 45% solution (Hypaque, Bayer Products) was injected into the vein and serial X-rays 
were taken before and during venous occlusion above the elbow. 


RESULTS 
Dissection of the antecubital fossa — 

Twenty-four arms were studied and in one arm only no trace was found of 
_ a deep branch of the median cubital vein. The deep branch usually joined one 
or other sloping limb of the ‘M’ arrangement of superficial veins. It originated 
from the junction of the venae comites of radial, ulnar, and interosseous 
arteries. These veins also received branches draining neighbouring muscles, 
principally those arising from the lateral humeral epicondyle. The median 
cubital vein connected directly with the venae comites of radial arteries in 
fifteen arms, with local muscle veins in twelve, with the venae comites of ulnar 
arteries in five, and with those of interosseous arteries in three arms. The deep 
branch and the venae comites were usually found to have a diameter of 2mm 
or more. 


The effect of inclusion or exclusion of the hand from the circulation 
In thirteen of the experiments the ‘hand occluded’ sample contained 0-4- 
5-9 ml. O,/100 ml. more than the highest of the ‘hand excluded’ samples taken 
during the same experiment; in five of these the difference being less than 
1 ml./100 ml. In sixteen experiments the oxygen content of the ‘hand included’ 
sample fell within the range of the other samples, in three experiments it fell 
0-7-1-1 ml./100 ml. below their lowest value. In eight experiments the catheter 
was probably in a vena comes of the interosseous artery as judged from the 
X-ray appearances. In only one of these eight did the oxygen content of the 
blood rise when the hand was included in the circulation, and then only by 
0-4 ml./100 ml. above the highest level reached when the hand was excluded. 
From anatomical considerations, it is unlikely that the venae comites of the 
interosseous artery would carry venous blood from the hand. The results of 


some of these experiments are shown in Text-fig. 1. Table 1 gives a summary 
of all the results, | 
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Injection of T. 1824 and Hypaque 


When T. 1824 was injected into the cephalic vein leaneliaiely proximal 
to the wrist cuff, no dye was seen in samples obtained when the veins 
above the elbow were not occluded. But when venous occlusion was applied 
at the same time as dye was injected, the plasma was blue in all samples 
taken from 1 to 4 min after dye was injected, the a colour being found 
in the first two samples. 


No.1 18r No 3 


= 


Venous blood O, content (m!./100 ml.) 


0 
Time (min) 


Text-fig. 1. The oxygen content of blood samples drawn from a deep forearm vein during four 
experiments is plotted against time of withdrawal (zero =time arm placed in plethysmograph 
at 34° C). In two experiments O, content fell when the hand was occluded from the circula- 
tion, whereas in the others'no change occurred. @, hand included in circulation; O, hand 
excluded from circulation. 


The results of experiments in which Hypaque was injected are shown in PI, 1. 
Without occlusion (Pl. 1, fig. 1) the radio-opaque material passed from the 
point of injection up the cephalic vein in the arm, little entered any other vein. 
Following occlusion above the elbow (Pl. 1, fig. 2), the Hypaque can be seen 
_ to have entered a large number of veins throughout the forearm. It is not 
possible to identify with certainty all of these vessels, but it is clear that some 
Hypaque entered the deep forearm veins. 
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Taste 1. The range of the 0, content of deep forearm venous blood samples taken in each of 
thirty-two experiments with the hand excluded from the circulation compared with the 0, 
content of one sample taken from the same vein during each experiment while the hand was 
included in the circulation 

, O, content (ml./100 ml.) of Difference from | 
samples of deep venous blood _ lowest or highest 

A Value with hand 

Hand excluded Handincluded excluded from 

Expt. from circulation in circulation circulation 


l 11-2 
2 15-9 +46 
3  -14-0-19-3 14-0 
4 16-6 
5 9-6-13°1 12-3 
6 12-5-15-2 15°8 +06 
7 9-5-12-4 10-7 
8 11-3-15-0 11-5 
8-4-10-4 9-1 
10 8-6-11-9 14:3 +24 
ll 10-8—13°4 12-1 | 
12 6-7— 8-2 
13 6-6— 7-4 7:9 
| 14 6-7— 8-9 10-4 +15 
15 9-5-11-6 8-3 —1-2 
16 81-117 12-1 
17 9-3-13°5 13-9 
18 6-5— 9-2 10-2 +10 
19 7-9-13°3 72 -0-7 
20 83-113 12-3 +10 
21 51 -11 
23 15-0-18°2 16-9 
24 11-8-15-2 16-0 
84-116 +59 
26 5-2- 75 6-6 
27 5-6- 7°8 18 
28 6-3— 9-2 9-2 
29 10-9-12-9 12-3 
30 6-9- 8-3 8-3 sii 
Bl 12-1-14:5 17-4 +29 
DISCUSSION 


— The exact position of a catheter inserted into the deep branch of the median 
cubital vein, and the exact source of blood samples obtained, have not been 
ascertained by previous workers. The dissections of the forearm veins revealed } 

that catheters introduced into the deep branch of the median cubital vein will | 

pass, first into the venous plexus around the division of the brachial artery, 

and then into one of the venae comites. These drain the muscles of the forearm 

by bunches of short veins, entering the main veins usually at a right angle. 

The venae comites and the mouths of these muscle veins are all considerably 

larger in internal diameter than the catheter, but by branching the muscle 

veins rapidly become channels too small to admit a catheter without being 

plugged by it. There is usually a valve in the deep branch of the median cubital 
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vein. No other valves may be encountered until a further 5 cm of catheter is 
inserted. Sampling from a point superficial to the valve in the deep branch 
will lead to contamination with superficial venous blood. Since the valves can 
almost always be threaded by the catheter, there is no reason why this error 
in sampling should occur. 

The results obtained in the experiments when blood was sampled with the 
hand either included or excluded from the circulation have shown that venous 
blood from the hand sometimes reaches the sampling site. This confirms the 
observations of Bazett et al. (1948). The venae comites of the interosseous 
artery are exceptional, in that they do not communicate with veins in the hand. 
In experiments in which the catheter was believed to have been in one of these 
veins, there was no rise in oxygen content of blood sampled when the hand 
was included in the circulation. _ 

It has been shown (e.g. Mottram, 1955) that superficial venous blood contains 
more oxygen than blood from deep veins. Roddie, Shepherd & Whelan (1956) 
found during general body heating that the blood oxygen in superficial veins 
rose as blood flow increased, whereas the deep venous blood oxygen remained 
unchanged. This implies that, even under conditions of high blood flow in skin, 
there is no leakage from superficial to deep veins under normal circumstances. 
These authors also reported that the rise in oxygen saturation of deep venous 
blood occurring during venous occlusion above the elbow was only found when 
the superficial venous blood oxygen content was high and not when these veins 
contained the same amount of oxygen as the deep veins. This suggests that 
when the venous pressure was raised diversion of blood from superficial to deep 
veins occurred. This suggestion has now been confirmed by the experiments 
in which Evans Blue and Hypaque were injected into the cephalic vein at the 
wrist and their distribution studied before and after the veins were temporarily 
occluded above the elbow. The results of these experiments and those of 
_ Roddie et al. (1956) show that part, at least, of the rise in oxygen saturation 
of forearm deep venous blood observed by Moreira, Mottram & Werner (1956) 
when venous pressure rose was due to the shunting of blood from superficial 
_ to deep veins, This finding agrees with that of Green, Cosby & Radzow (1944), 
who reported similar alterations in venous blood flow in the hind limb of the 
dog when the pressure was raised by obstruction of the common femoral vein. - 
Moreira et al. (1956) report that the change in saturation persisted after 
the skin blood flow had been abolished by the iontophoresis of adrenaline. 
This indicates that the diversion of skin blood flow into deep veins during 
venous occlusion may not be the only factor involved in the change in 
Saturation. 
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SUMMARY 


1. Dissection of the antecubital fossa shows that a catheter introduced into 
the deep branch of the median cubital vein may come to lie im the venae 
comites of radial, ulnar or interosseous artery, and draw blood from a large 
part of the forearm musculature. 

2. If the catheter tip lies in a vena comes of the interosseous artery, hand 
effluent blood is not obtained in the samples. If it is in any other site below 
the deep fascia, the samples are a mixture of hand and deep forearm venous 
blood unless the hand circulation is excluded. 

3. Injection of Evans Blue dye (T. 1824) and Hypaque into a superficial 
vein near the wrist with subsequent venous occlusion above the elbow - led 
to the appearance of these substances in deep forearm veins. 


Addendum, Since the above work was carried out, the injection of T. 1824 
has been used to locate catheters introduced into forearm veins. If the catheter 
is in a superficial vein, dye injected into a superficial vein near the wrist will 
be withdrawn in blood samples through the catheter whether or not the veins 
are occluded above the elbow. When, however, the catheter is in a deep vein, 
injected dye will only be withdrawn when the veins are occluded. This method 
has now been used in four experiments. 
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EXPLANATION OF PLATE 


Phliebograms of forearm veins 10 sec after injections of Hypaque. Fig. 1, no obstructions to 
circulation. Fig. 2, 10 sec after venous occlusion abore the hasan 


(1955). The oxygen consumption of human skeletal muscle in vivo. J. Physial. 
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| THE PASSAGE OF THYROXINE AND TRIIODOTHYRONINE 
FROM MOTHER TO FOETUS IN PREGNANT RABBITS, WITH 
A NOTE ON THE CONCENTRATION OF PROTEIN-BOUND 
IODINE IN FOETAL SERUM 


By N. B. MYANT 


: From the Medical Research Council Experimental Radi 
Research Unit, Hammersmith Hospital, London, W. 12 


(Received 21 February 1958) 


| Recent evidence suggests that in rabbits the passage of exogenous thyroxine 
_ from mother to foetus is very slow during the early stages of pregnancy. Hall 
& Myant (1956) showed that the foetal: maternal serum concentration ratio 
(F:M ratio) does not exceed 0-02 at 24 hr after an intravenous injection of 
radioactive thyroxine into the mother, when the injection is given before the 
19th day. Since the thyroid of a foetal rabbit does not begin to make thyroid 
hormone until the 20th day (Jost, Morel & Marois, 1949), this suggested that 
the early stages of foetal development take place in the presence of a concen- 
| _ tration of thyroxine much lower than that in the mother’s serum. However, 
several points were left in doubt. 

After the 18th day, the F:M ratio was not measured at intervals of more 
than 3 hr from the injection. Nor were any observations made on the passage 
of triiodothyronine across the placenta; therefore we did not exclude the 

_ possibility that the foetus gets a supply of triiodothyronine from the mother 
1 before its own thyroid begins to function. We also pointed out that the 
placenta might not be as impermeable to endogenous thyroid hormone, at 
physiological concentrations, as it is to exogenous thyroxine. Finally, we 
‘suggested that the walls of the maternal blood vessels in the placenta constitute 
the main barrier to the passage of thyroxine from mother to foetus, but the 
evidence for this was far from conclusive. 

This paper describes experiments bearing on each of these questions. A few 
observations on the concentration of protein-bound iodine in the serum of 
rabbit foetuses are also included. 
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METHODS 


Radioactive L-thyroxine and L-triiodothyronine were prepared and purified chromatographically 
as already described (Myant, 1957). The placentas and the foetal and maternal blood samples 
were obtained by the methods used by Hall & Myant (1956). When possible, the concentration 
of 11] was measured in the serum of individual foetuses; otherwise, the serum from several 
foetuses of the same rabbit was pooled. 

The samples of serum (1-5 ml.) were diluted to 10 “al. with water and the total radioactivity 
measured. The ™I was then fractionated by the method of Taurog & Chaikoff (1946) into a 
‘butanol-soluble’ portion, containing thyroxine and triiodothyronine (Man & Bondy, 1957), and 
an ‘alkali-soluble’ portion, containing iodide, The radioactivity was then measured in each 
portion. The concentration of butanol-soluble I in the serum was calculated from the concentra- 
tion of total I in the unextracted sample, and the ratio of activities in the butanol- and alkali- 
soluble fractions. In some cases, the concentration of protein-bound *4I (PB#**I) in the serum was 
found by precipitating the proteins (from 1 to 5, ml. of serum) with trichloro-acetic acid, dissolving 
the washed precipitate in 10 ml. of cold 2N-NaOH, and measuring the radioactivity in this 
solution. 

For measurement of the total amount of **'I in the placenta about 1 g of placenta was weighed 
after blotting and digested in 30% KOH for 1 hr on a steam bath. The sample was then diluted 
to 10 ml. with water. For estimation of the proportions of organic and inorganic ™I in the 
placenta, the untreated tissue was ground with sand and extracted with 2 vol. of petroleum ether 
to remove fat. The residue was then extracted twice with water-saturated n-butanol. The butanol 
was evaporated to dryness and chromatographed as described below. 

Radioactivity in the liquid samples was measured as already described (Hall & Myant, 1956). 

Packed red cell volumes were measured in Wintrobe haematocrit tubes spun for 20 min at 2000 g. 

Chromatography. One millilitre of serum was acidified to pH 4 with acetic acid and extracted 
with 3 vol. n-butanol. The butanol was evaporated to dryness under reduced pressure and the 
residue dissolved in a few drops of ammonia. This was put on to Whatman No. 3 MM paper and 
chromatographed in a mixture of n-butanol (1 vol.) and n-pentanol (1 vol.) equilibrated with 
2 n-ammonia (5 vol.), or n-butanol (4 vol.) and dioxane (1 vol.) equilibrated with 2 N-ammonia 
(5 vol.). Lodide, thyroxine and triiodothyronine were used as markers. The position of the radio- 
activity on the chromatogram was found by making autoradiographs with X-ray film and by 
scanning along the paper with a continuously recording counter. 

Decapitation of foetuses. The head and neck of the foetus were removed in utero essentially by 
the method of Jost (1951). Operations done before the 24th day of pregnancy were often unsuc- 
cessful until the method was modified. When the head of the foetus was brought out through the 
transverse incision in the uterus, the rest of the body tended to slip out, and, in so doing, to detach 
the placenta. The following modification was found to prevent this. After the uterus was exposed, 
and before the incision was made in its wall, the trunk of the foetus was fixed to the uterus by two 
loops of silk thread passed through the back of the foetus and tied outside the uterus. One loop 
passed through the shoulder of the foetus and the other through its buttock. A transverse incision, 
about 1 cm long, was made in the wall of the uterus at the level of the neck of the foetus, and 
its head and neck squeezed through the opening. A thick piece of silk thread was passed through 
the backbone at the base of the neck, looped once round the front of the neck and tied at the back 
of the neck tightly enough to prevent bleeding when the head was removed. The neck was cut 
through with scissors and the stump put back into the uterus. After the incision in the uterus 
had been sewn up, the two loops of silk thread were cut and removed. The wound in we rabbit’s 
abdomen was sprinkled with aureomycin and closed with silk sutures. 

Estimation of volume of maternal blood in placenta. The volume of maternal blood in the i lahenta 
was estimated from the volume of maternal red cells in the placenta and the packed cell volume 
in a sample of maternal venous blood. The volume of maternal red cells in the placenta was found 
by labelling the mother’s red cells with *'Cr and then measuring the amount of "Cr in the placenta 
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and in a known volume of maternal red cells. About 0-5 ml. of the mother’s red cells were labelled 
with “Cr by the method of Gray & Sterling (1950) as modified by Mollison & Veall (1955). They 
were then washed five times with normal saline, suspended in 2 ml. of normal saline, and re-injected 
into the mother. After a suitable interval the placenta was removed and a sample of maternal 
venous blood taken into a heparinized centrifuge tube. A small portion of this blood was taken 
for measurement of the packed cell volume. The remainder was centrifuged and the plasma 
removed with care to avoid contamination by red cells. The red cells were washed repeatedly with 
normal saline until no radioactivity was detectable in the washings. At the last washing the red 
cells were spun at 2000 g until they reached a constant volume. The supernatant saline was then 
drawn off. A portion of the layer of red cells was sucked out from the bottom of the centrifuge 
tube, and the volume measured. The cells were haemolysed and made up to 10 ml. with 
water. 

In these experiments, it was necessary to measure the Cr in the presence of '*I (see Results). 
This was done by measuring the counting rates given by the sample in two different counters 
with different relative sensitivities to Cr and “I. Each sample, containing the mixture of ®'Cr 
and 44], was measured in a scintillation counter and in a thin-walled Geiger counter. With this 
method, the amount of I and “Cr in mixtures containing known proportions of each could be 
estimated to within +5% of the true values. 

Estimation of protein-bound '*71, The concentration of protein-bound stable iodine in the serum 
was estimated by the method of Barker (1948) adapted for dry-ashing and modified slightly. 
A preliminary check showed that the addition of heparin to a sample of rabbit serum did not affect 
the estimate of protein-bound iodine by this method. For each estimation on the serum of 18-day- 
old foetuses, ten Dutch rabbits were artificially inseminated at the same time. At the 18th day all 
the foetuses from each of the ten rabbits were removed from the uteruses after clamping the uterine 
vessels with artery forceps. As each foetus was removed, it was blotted with Kleenex tissue, 
placed on its back, and the chest wall opened by cutting out the sternum. The auricle was cut 
with fine scissors and the blood sucked out from the chest cavity with a pipette and put into 
a 2 ml. conical centrifuge tube containing a few crystals of heparin. When all the foetuses had been 
bled, their pooled blood was mixed thoroughly and a sample taken for estimation of the packed 
cell volume. For estimations on foetuses 21 or more days old, blood was taken from the umbilical 
vein with a needle and heparinized syringe. 


RESULTS . 
Thyroxine in foetal serum 24 hr after injection 

The ratio of the concentrations of butanol-soluble I in the foetal and 
maternal serum was measured at 24 hr after injections of radioactive thyroxine . 
into rabbits between the 17th and 29th days of pregnancy. The rabbits were 
given 20 mg of K}2’I with the injection, to prevent the foetuses synthesizing 
radioactive thyroxine from radio-iodide arising from the break-down of the 
injected dose in the tissues of the mother. When the injection was made on 
the 17th day, the F: M ratio was less than 0-025. Later in pregnancy, the ratios 
were higher than those observed by Hall & Myant (1956) at 3 hr after the 
injection (Fig. 1); but even at the end of pregnancy the concentration in the 
foetal serum at 24 hr averaged less than 30% of that in the maternal serum. — 
As with shorter sampling intervals, the results at 24 hr show a tendency for 
the F: M ratios to reach higher values with increasing duration of pregnancy. 

In order to make sure that none of the butanol-soluble 4*I in the foetal — 
serum was due to secretion of radioactive thyroxine by the foetal thyroid, the 
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foetal thyroid was excluded by decapitation. One foetus in each of two 
pregnant rabbits was decapitated in wero at the 24th day of pregnancy. The 
wound was closed with sutures and the mother given an intravenous injection 
of radioactive thyroxine with 20 mg K??"I. After 6 hr in one rabbit, and after 
24 hr in the other, blood samples were taken from the mother and from the 
decapitated and normal foetuses. At each interval of time, the F': M ratio was 
the same in the decapitated and normal foetuses (Table 1). 
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Fig. 1. Foetal: maternal serum concentration ratio of butanol-soluble ™ I at 24 hr after injection - 
of radioactive thyroxine into pregnant rabbits. All values shown at time of injection. 


Tasxe 1. Concentration of butanol-soluble I in serum of normal and decapitated foetuses 
_ and of mother at 6 and 24 hr after injection of radiothyroxine into mother at 24th day 
F:M ratio in butanol-soluble 


fraction of serum !*J 
24hr 
Decapitated foetus 0-067 0-21 
Normal foetus 0-045 0-17. 


Normal foetus 0-068 0-15 


In some cases, the chemical form of the 14] in the foetal serum was analysed 
by paper chromatography. The serum from several foetuses was pooled, 
acidified to pH 4, and a sample taken for fractionation into alkali- and 
butanol-soluble portions. The remainder was shaken with butanol, and the 
butanol extract chromatographed. Fig. 2 shows a typical result obtained from 
the serum of a 30-day-old foetus 24 hr after an injection of radioactive thy- 


roxine into the mother. Apart from a small peak at the origin, all the radio- 
activity is concentrated at two peaks, one at the iodide marker and the other 


ak 
ay 
4 
4 
a 
( 
7 
ig 
« 


THYROID HORMONE FROM MOTHER TO FOETUS 333 


at thyroxine. The proportion of the total radioactivity at the thyroxine peak 
agreed roughly with the proportion behaving as butanol-soluble 4311 in the 


pooled foetal serum. 
slodide, [Thyroxine , 


Radioactivity 


Origin 
Fig. 2. Chromatographic analysis of "I in foetal serum after injection of radioactive thyroxine 
into mother at 30th day of pregnancy. Continuous curve shows radioactivity along chroma- 
togram. Solid lines show positions of markers. Solvent front not shown. Solvents: n-butanol, 
dioxane and ammonia. ‘ ; 


Trivodothyronine in foetal serum 3, 6 and 24 hr after injection 

Fig. 3 shows the F: M ratios observed after injections of radioactive triiodo- 
thyronine into the mother between the 17th and 29th days of pregnancy. 
Regression lines calculated from the values observed after injections of radio- 
active thyroxine at 3 hr (Hall & Myant, 1956) and 24 hr (Fig. 1, this paper) 
are shown for comparison. At each stage of pregnancy the ratio increased with 
increasing interval after the injection. There was also a tendency for the ratio 
at a given interval after injection to increase with increasing duration of 
_ pregnancy. At 24 hr, for instance, the ratio increased from 0-1 at the 20th day, 
to more than 0-7 at the end of pregnancy. The ratios observed after injection 
of triiodothyronine were higher than those observed under similar conditions 
with thyroxine, though the difference was not very marked until after the 


_ 20th day of pregnancy. 

Passage of endogenous thyroid hormone from mother to foetus 
In order to study the passage of endogenous thyroid hormone from mother 
_ to foetus, the maternal thyroid hormone was labelled by giving the mother an 
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"injection of radio-iodide. Since iodide passes rapidly across the placenta, radio- 
iodide injected into the mother in the later stages of pregnancy is taken up by 
the foetal thyroid and secreted as radioactive hormone. In these circum- 
stances, therefore, it is impossible to say how much of the radioactive hormone 
in the foetal serum is derived from the mother, and how much from the foetus. 
Before the 20th day of pregnancy this difficulty does not arise because the 
foetal thyroid does not secrete hormone. 


F:M butanol-soluble 134) concentration ratio 


Oo O 
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Fig. 3. Foetal: maternal serum concentration ratio of butanol-soluble at 3(O), 6 (@) and 
24 (A) hr after injection of radioactive triiodothyronine into pregnant rabbits. All values 
shown at time of injection. Upper line: regression line for values at 24 hr after injection of 
radioactive thyroxine. Lower line: corresponding line at 3 hr after injection. 


In experiments done after the 20th day of pregnancy, secretion of thyroid 
hormone by the foetus was prevented by severing the neck of the foetus below 
the level of the thyroid, without removing the foetus from the uterus. It has 
been shown by Jost (1951) that foetuses treated in this way survive and go on 
growing for the normal period of gestation. One foetus from each rabbit was _ 
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decapitated, and the thyroid identified in the portion of neck removed. The 
rabbit was then given 500 we of carrier-free radio-iodide by intramuscular 
injection. Two to four days later, the uterus was opened and blood samples 
taken from the headless foetus and from the normal foetuses. A blood sample 
was taken from the mother at the same time. It was easy to see if the 
decapitated foetuses were alive, because those that survived moved their limbs 
vigorously. Blood samples were taken from headless foetuses only if the thyroid 
had been identified at operation, and if they were alive when removed from 
the uterus. 

Table 2 shows the ratio of the concentrations of butanol-soluble ™I in the 
foetal and maternal sera at various intervals after the injection of radio-iodide 
into the mother. 


TaBie 2. F:M concentration ratio of butanol-soluble I 2 or more days after injection of radio- 
iodide into mother. In all experiments continued beyond the 20th day, the foetus was 
decapitated in utero before the injection of }**I . 


Age of foetus from 
injection to F:M ratio 

(days) F:M ratio 
15-19 0-050 
16-19 0-021 
17-19 0-061 
18-20 0-039 
21-23 0-19 
22-24 0-14 
24-26 0-20 
24-26 0-13 
27-29 0-12 


The barrier to the passage of thyroxine across the placenta 
In the next group of experiments an attempt was made to find out whether 
any thyroxine leaks out of the mother’s circulation into the extravascular 
tissues of the placenta. Hall & Myant (1956) discussed several possible reasons 
for the slowness with which thyroxine reaches the foetus from the mother’s 
_ circulation in early pregnancy. Thyroxine might leak out of the maternal blood. 
vessels in the placenta but fail to cross the walls of the foetal blood vessels. — 
In this case, it should be possible to show that after an injection of radioactive 
- thyroxine into the mother, the amount of radioactive thyroxine in the placenta 
is greater than the amount that can be accounted for in maternal plasma in 
the placenta. On the other hand, this discrepancy should not occur if thyroxine 
cannot leak out of the maternal blood vessels in the placenta. 
_ If the mother’s red cells are labelled, the volume of maternal red cells in the 
placenta can be estimated from the amount of label in unit volume of maternal 
ted cells and the amount of the label in the placenta. The volume of maternal 
plasma in the placenta can then be deduced, on the assumption that the ratio 
of maternal red cells to maternal pean is the same in the placenta as it is in 
mother’s venous blood. 
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Red cells, obtained from the rabbit into which they were to be injected, 
were labelled with about 200 uc of “Cr and injected intravenously. This was 
followed immediately by a second intravenous injection containing 10 pec of 
181]-labelled thyroxine. Three hours later the rabbit was anaesthetized and — 
maternal and foetal blood samples were taken into heparinized tubes. At the 
same time, the maternal and foetal parts of each placenta were removed 
separately, weighed, and digested for measurement of radioactivity. In a few 
cases samples of maternal liver, kidney and thigh muscle were taken for 
comparison with the placenta. The concentrations of “Cr and “I were 
measured in the maternal red cells and plasma, in the foetal plasma, andinthe f= 
placentas and other tissues. The radioactive thyroxine in the maternal and 
foetal samples of plasma was measured as protein-bound "I. 


TaBLE 3. Percentage of total *!I due to thyroxine in maternal and foetal placentas at 
3 hr after injection of radioactive thyroxine and ™Cr-labelled red cells into mother 


Percentage of total "I due to thyroxine 


21 715-4 78-2 
24 94-0 81-8 
27 87-0 84-1 
Average 82-1 81:3 


The concentration of radioactive thyroxine in the placenta can only be 
calculated from the total 1*4I concentration if the proportion of the 1*4I due to 
thyroxine is known. In most cases, the 1*1I in the placenta was not analysed. 
However, in three rabbits at different stages of pregnancy the I from one 
maternal and one foetal placenta was extracted into butanol and analysed 
quantitatively by paper chromatography. Table 3 shows the results obtained 


at the 21st, 24th and 27th days of pregnancy. About 80°% of the total 1441 was 
in the form of thyroxine. Since there does not seem to be any consistent 
relationship between the duration of pregnancy and the percentage of the total 
131] due to thyroxine, each set of three values has been averaged. These average 
values have been used for calculating the concentrations of radioactive 
thyroxine in the maternal and foetal placenta at all stages of pregnancy. ! 
Table 4 shows the volumes of maternal blood and plasma in the placenta, 
liver, kidney and thigh muscle at various stages of pregnancy. In the foetal 
placenta the volume of maternal blood increases from 0-15 ml./g of placenta 
at 21 days to 0-36 ml./g at 27 days. In the maternal placenta, maternal blood 
occupies a smaller proportion of the total mass, and the proportion does not 4 _ 
change consistently during this period. Liver and kidney contain about as 
much maternal blood as the maternal placenta, but the volume of maternal 
blood in thigh muscle is less than 1% of the total mass. gs 
The amount of radioactive thyroxine in the placenta is given as an equivalent 
volume of maternal plasma; i.e. as the volume of maternal plasma required to 
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Foetal placenta Maternal placenta Liver 
Days Maternal Maternal Radio- Maternal Maternal Maternal Total 
pregnan yroxine blood p thyroxine _ blood plasma | 
21 0-169 0-004 0-250 0-103 0-057 0-164 0-074 0-041 0-538 
0-138 0-074 0-161 0-173 0-093 0-188 — —_ _ 
22 0-177 0-332 0-048 0-026 0-201 — 
23 0-221 0-137 0-267 0-090 0-056 — —_ 
24 0-209 0-116 0-281 0-110 0-061 0-121 0-056 0-031 0-497 
27 0- 0-129 0-072 0- 
27 0-370 0-208 0-402 0-071 0-040 0-284 0-072 0-040 0-755 
Kidney Thigh muscle 
Days Maternal Maternal Total Maternal Maternal ‘Total 
pregnant blood plasma my blood plasma tay 
= 0-079 0-044 0-531 0-009 0-005 OMS 
27 0-138 0072 O727 0004 0035 


asma, the concentration of total I in the placenta, and the proportion of "I in the placenta assumed to be in the form 
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provide the amount of radioactive thyroxine present in 1 g of placenta. This 
shows at a glance whether the volume of maternal plasma in the placenta is 
sufficient to account for its content of radioactive thyroxine. A comparison 
of the values in columns 3 and 4 shows that in each case the volume of 
distribution of radioactive thyroxine in the foetal placenta is greater than the 
volume of maternal plasma. This difference is such that on the average there 
is 2-4 times as much radioactive thyroxine in the whole placenta as there is 

in the maternal plasma contained in it. In the maternal placenta the difference 


BLE 4, Volume of maternal blood and plasma in foetal and maternal parts of placenta and in liver, kidney and thigh 
muscle. Volume of distribution of radiothyroxine in placenta and of total ™I in other tissues, scegin in equivalent 
vol. of maternal plasma. All values expressed as ml./g of tissue 


Notes, (1) In the case of the placentas, each value is the average of estimates on four or more placentas from each rabbit. 
The values in the ‘ Radiothyroxine’ columns are calculated from the concentration of protein-bound “I in the maternal 


thyroxine (see Table 3). (3) The values in the ‘Total **I’ columns are calculated from the total concentrations of I 
maternal plasma and tissue. 


is greater. A comparison of columns 6 and 7 shows that the whole placenta 

} contains, on the average, 4-2 times as much radioactive thyroxine as there is 
in the maternal plasma. The amount outside the maternal plasma is much too 
great to be explained by the presence of radioactive thyroxine in the foetal 
plasma, since the concentration of PB"I in the foetal plasma was in all cases 
‘less than 5% of the concentration in the maternal plasma. Most of the radio- 

active thyroxine outside the maternal plasma must, therefore, have been in 
the extravascular tissues. 


Concentration of protein-bound iodine in foetal serum 


_ The concentration of protein-bound iodine was measured in the foetal and 
maternal sera at the 18th, 21st and 27th days of pregnancy. Before the 18th 
day it was impossible to get enough foetal blood for one estimate. At the 18th 
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day about 1 ml. of serum could be obtained by pooling all the blood from more 
than 40 foetuses, and at the 21st day enough serum for one estimate was 
obtained from the ten foetuses of two rabbits. At the 27th day 1 ml. of serum 
was obtained from two foetuses of the same rabbit. When the foetal sample 
was obtained from more than one rabbit, blood from all the mothers was mixed, 
and a sample from the mixed blood taken for the estimation on the maternal 
serum. At each stage of pregnancy, equal volumes of maternal and foetal 
serum were used. On each occasion, the protein-bound iodine was estimated in 
samples of serum from a normal human and from an untreated myxoedema- 
tous human. 
Taste 5. Concentration of protein-bound iodine (PBI) in foetal and maternal serum 
from rabbits at different stages of pregnancy | 
Serum PBI (ug/100 ml.) 


Foetal 
Age of foetus. Normal Mykoadematous haematocrit 
(days) Foetal Maternal human human (%) 
18 10 4:8 4-2 0-5 29-7 
18 0-6* 6-4, 5-5 71 2-2 27-5 
18 21,1:7 &1,47 56 2:2 30-1 
21 4-0 6-1, 5-4 6-0 0-8 34-4 
27 5:7,5:1 52, 63 5-9 41-5 


* This value is based on a colorimeter reading less than that given by the control blank. 


_ Table 5 shows the concentrations of protein-bound iodine in all the sera, 
and the packed cell volumes in the samples of rabbit’s blood. At the 18th day 
the concentration in the foetal serum was less than that in the maternal serum 
and did not differ significantly from that in the serum of myxoedematous 
humans. At the 21st day the concentration in the foetal serum was higher 
than at 18 days, but was still a little lower than that in the maternal serum. 
By the 27th day there was no difference between the foetal and maternal 
samples. 

At the 18th and 21st days the packed cell volume in the foetal blood was 
less than in the maternal blood; at the 27th day there was no difference 
between the maternal and foetal samples. The low values at 18 days may be 
due partly to dilution of the foetal blood with tissue fluid from the chest. 
However, the packed cell volume in mammalian foetal blood is known to be 
low in early pregnancy (Windle, 1940). 


DISCUSSION 


Since the low F: M ratio at 3 hr after injection of radioactive spine’ in early 
pregnancy could not be explained by rapid removal of thyroxine from the 
foetal circulation, Hall & Myant (1956) concluded that very little exogenous 
thyroxine reaches the foetus from the mother until after the 19th day. The 
results »btained at 24 hr after injections of thyroxine i in early pregnancy 
confirm this conclusion. The fact that there is an increase in the F:M ratio 
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between the 3rd and 24th hour suggests that equilibrium between mother and 
foetus is not achieved even by 24 hr. However, the volume of maternal blood 


- in the placenta (Table 4) and the total volume of foetal blood are both increas- 


ing during the approach to equilibrium, and it is impossible to predict how 
a combination of these two factors would affect the F:M ratio at intervals 
longer than 24 hr. 

The results obtained with endogenous hormone (Table 2) and exogenous 
thyroxine are close enough to justify the conclusion that the observations on — 
exogenous thyroxine show what happens under physiological conditions. 
However, it must be pointed out that the experimental conditions are not 
strictly comparable, because the concentration of labelled hormone in the 
mother’s. blood after an injection of radio-iodide follows a complicated 
curve, different from that seen after a single injection of radioactive 
thyroxine. 

The F:M ratio at 24 hr after an injection of thyroxine increases during the 
later stages of pregnancy (Fig. 1). The chromatographic evidence suggests that 
this is due to the passage across the placenta of increasing amounts of radio- 
active thyroxine as such, rather than of some butanol-soluble radioactive 
substance derived from it. 

At all stages of pregnancy from the 17th to the 29th day the F: M ratios are 
higher after injections of triiodothyronine than after injections of thyroxine. 
The simplest explanation for this difference is that the placenta is more 
permeable to triiodothyronine than to thyroxine. However, it is necessary to 
distinguish between placental permeability to the circulating hormone as a 
whole, and permeability to the free hormone. The thyroxine in the circulation 
is reversibly bound to a specific plasma protein (thyroxine-binding protein, 
or TBP) and the bound form is in equilibrium with free thyroxine at a much 
lower concentration. Triiodothyronine is not so firmly bound to the plasma 
proteins as thyroxine. It is possible, therefore, that the difference between the 
behaviour of the two hormones is due to the fact that a greater proportion of 
the circulating triiodothyronine is in a more diffusible form. 

The rise in the F:M ratio from about the 21st day onwards (Figs. 1 and 3) 
points to an increase in the rate at which thyroxine and triiodothyronine cross 


_ the placenta towards the end of pregnancy. Two factors may help to explain 
this. One is the gradual reduction in the number of layers of cells between the 
_ foetal and maternal capillaries (Amoroso, 1952). The other is the increase in - 


the volume of maternal blood in the placenta (Table 4), which, presumably, 


is associated with an increase in the surface area of the maternal capillary bed. 
_ If the concentration of TBP in the foetal blood rises as pregnancy advances, 


this would also be expected to favour an increase in the F:M ratio at equili- 


 brium. However, this is only a hypothesis, since welche is known about the 
concentration of TBP in foetal blood. 
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The concentration of protein-bound iodine in foetal serum at 18 days 
(Table 5) was within the range of the values given by the serum from humans 
with untreated myxoedema. This observation is open to two rather different — 
lines of interpretation. There are some grounds for supposing that the avail- 
ability of thyroid hormone to the tissues in post-natal life is influenced by the 
presence of TBP in the circulation (see, for instance, Discussion in Dowling, 
Freinkel & Ingbar, 1956). If TBP is absent from foetal blood in early preg- 
nancy, the concentration of thyroid hormone in the foetal tissues might be as 
high as that in the maternal tissues, despite the low concentration of hormone 
in foetal blood. However, as pointed out above, there is no evidence that this 
is the case, and it seems equally reasonable to conclude that the foetal tissues 
are not supplied with thyroid hormone until the foetus begins to make it for 
itself. It is often assumed that because thyroid hormone is essential for 
amphibian metamorphosis, the analogous steps in the development of the 
mammalian foetus (which, in rabbits, are completed by the 15th day) must 
also require thyroid hormone. But this assumption has never been supported 
by experimental evidence. On the contrary, there are several reports of 
thyroidectomized animals becoming pregnant and bearing normal, or nearly 
normal, young (Hammett, 1922; Davenport & Swingle, 1927). It is difficult 
to see how this could happen unless the foetus can develop to the point where 
its own thyroid begins to secrete, without getting hormone from the mother. — 
In the later stages of pregnancy thyroid hormone seems to be necessary for 
normal foetal development, at least in humans, since new-born infants. with 
congenital aplasia of the thyroid show some of the signs of thyroid deficiency 
(Dorff, 1934). 

The presence of considerable amounts of calicenties thyroxine in the extra- 
vascular tissues of the placenta, when little appears to have crossed into the 
foetus, suggests that the extravascular tissues are an important part of the 
barrier to the passage of thyroxine from mother to foetus. 


SUMMARY 

1. The ratio of the concentrations of butanol-soluble “I in the foetal and 
maternal serum of pregnant rabbits (F:M ratio) was measured at various 
intervals after injections of radioactive thyroxine and triiodothyronine into 
the mother. | 

2. After injections of thyroxine, the F: M ratio at 24 hr did not exceed 0-05 
before the 20th day of pregnancy; thereafter, the ratio at 24 hr rose to about 
0-3 at the end of pregnancy. 

3. After triiodothyronine, the ratios at 3, 6 and 24 hr were higher at all 
stages of pregnancy than the ratios measured under similar conditions after 


thyroxine; at the end of pregnancy the ratio averaged 0-7 at 24 hr after the 
injection. 
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4, The radioactive organic iodine appearing in the foetal serum after injec- 
tions of radioactive thyroxine into the mother in late pregnancy was identified 
by chromatography as thyroxine. 

5. The F:M ratios observed when the endogenous thyroid hormone in the 
mother’s circulation was labelled with ‘I were about the same as those 
observed when radioactive exogenous thyroxine was injected into the mother. 

6. The extent to which maternal radioactive thyroxine leaks into the extra- 
vascular tissues of the placenta was estimated by measuring the amount of 
radioactive thyroxine in the whole placenta, and the amount contained in 
maternal plasma in the placenta. It was concluded that there is a considerable 
amount of radioactive thyroxine in the extravascular tissues at 3 hr after the 
injection, and that the extravascular tissues are part of the placental barrier — 
to the passage of thyroxine from mother to foetus. 

7. The volume of maternal blood in the foetal part of the placenta was 15% 
of the volume of the placenta at 21 days, 21% at 24 days and 36% at 27 days. 

8. The concentration of non-radioactive protein-bound iodine in the serum 
of rabbit foetuses at 18 days was within the range of the values found in 
untreated myxoedema in humans. By the 27th day the concentration in the 
foetal serum was equal to that in the serum from the mother and in the serum 
from normal humans. 

9. Since the thyroid of the rabbit foetus does not begin to function until 
about the 20th day, these results suggest that the foetus does not require 
thyroid hormone until it begins to make it for itself. | 


I wish to thank Mr D. J. Short and Mr L. G. Tout for keeping me supplied with pregnant 
rabbits, Miss Ann McKinnell for help with the operations, and Dr E. 8. Shalom and Miss Helen 
St John for carrying out the estimations of protein-bound iodine (by permission of Professor 
T. Russell Fraser). 
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THE RELATION OF ANTIDROMIC IMPULSES IN THE DORSAL 
ROOT FIBRES TO THE DORSAL ROOT POTENTIAL 
IN THE FROG 


By R. T. TREGEAR 
From the Physiological Laboratory, University of Cambridge 


(Received 26 February 1958) 


Since the observation by Matthews (1934) of antidromic impulses in dorsal 
root fibres after sensory stimuli, many people have reported such impulses 
(e.g. Toennies, 1938; Dun, 1939; Skoglund & Uvniis, 1943; Gépfert, 1956). 
Several explanations of their occurrence have been suggested (Barron & 
Matthews, 1935, 1938; Toennies, 1938; Barron, 1940; Habgood, 1953; Brooks 
& Koizumi, 1956). Discussion of these suggestions is hampered by the varia- 
tions in experimental conditions and species used in the papers from which the 
evidence must be drawn. 

Barron & Matthews (1938) first suggested that the dorsal root potential was 
connected with the antidromic dorsal root impulses which follow an afferent 
volley, on the grounds that both the potential and the impulses were increased 
by decreasing the temperature of the spinal cord. Eccles & Malcolm (1946) 
showed that the antidromic volley on the stimulated root appeared on the 
greatest slope of the potential and that both the slow potential and the anti- 
dromic impulses were inhibited by a conditioning volley. Bonnet & Bremer 
(1952) found that both potential and impulses were increased by the — 
tion of eserine or prostigmine intravenously. 

All these facts only show parallel behaviour of the two phenomena. From 
this it may be inferred that the two are interdependent, but a mechanism has 
to be suggested and tested if this statement is to mean anything definite. The 
obvious suggestion is that passive outward membrane current in the afferent 


fibres, which is signalled by the dorsal root potential, stimulates some of them. 


METHODS 
Preparation. The frog (Rana temporaria) was anaesthetized with ether, 0-5 ml. in 1 |. of air, 
until its righting reflex failed. The vertebral canal was opened; the brain was cut across either 
above the optic lobes (decerebrate) or at the caudal tip of the fourth ventricle (spinal) and the 
2 
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impulses, were on decerebrate preparations and the remainder were on spinal preparations. The 
whole length of the vertebral canal was opened dorsally, and the large central vein and white fat 
of the dura mater were removed; this vein drains the dural tissue, but not the spinal cord. In 
experiments involving surface stimulation the arachnoid was stripped from the dorsal surface of 
the spinal cord. Spinal roots required for stimulation or recording were cut close to the dorsal 
root ganglia, cleared from the arachnoid, and raised on electrodes in air. The roots were prevented 
from drying by frequent application of a spray of Ringer’s solution. 

When a great length of dorsal root and nerve was required, the 9th dorsal root ganglion was 
freed from its vertebral attachment and the extension of the root into the sciatic nerve and thence 
into the tibial and peroneal nerves was dissected out. The 9th ventral root was cut close to the 
ganglion and the tibial and peroneal nerves at the ankle. The whole length of dorsal root and 
nerve, 7-8 cm, was lifted on to electrodes in air. 

The frog was kept at room temperature, 15-21° C. The flexion reflex of the leg on the unoperated 
side was used as a test of the condition of the spinal cord; when it disappeared, which usually — 
happened after 1-5-3 hr, further experiment was abandoned. : 

Stimulation. To stimulate a nerve or spinal root a 0-2 msec pulse was applied through silver 
electrodes. The stimulus was repeated every 10 sec (except in the decerebrate preparations, where 
it was repeated every 3 sec). The stimuli to the dorsal column were similar, but the output of the 
stimulator was passed through a radio-frequency coupled stage (Schmitt & Dubbert, 1949) to 
isolate the stimulus from earth and so remove the possibility of stimulation at the earthing 
electrode. Long current pulses of exponential rise and fall were also applied to the dorsal columns 
through this isolating stage. All the dorsal column stimuli were applied between a silver wire 
cathode touching the dorsal surface of the spinal cord and a thicker silver wire anode on the 
vertebrae or other non-nervous tissue. The stimulus to the skin was a sharp tap on the thigh with 
_ an insulated rod. The body of the animal was earthed through a silver wire in the abdomen. 

Recording. The recording electrodes ‘were silver hooks, separated by 3-6 mm on a cut dorsal 
root or 10-12 mm on the root-nerve preparation; when they were used for recording slow potentials 
they were chlorided. The balanced amplifier used had a cathode-follower input. Amplification 
was either direct-coupled or condenser-coupled; the former was used when slow potentials were 
recorded. A second channel of amplification, used only when simultaneous records were required, 
had a time constant of 50 msec and an input impedance of 2 MQ. The amplification of either 
_ channel was constant up toa — of 2 ke/s and fell to one third of its maximum value by 
4kejs, 


RESULTS 
General characteristics of the response 


When the 8th dorsal root was stimulated a series of jagged deflexions was 
usually seen in the record from the 9th dorsal root, superimposed on a slow 
electrotonic potential (Fig. 1). In this figure the small triphasic wave marked a 
is the sign of the incoming afferent volley on the dorsal column (Lloyd’s (1952) 
DR 1-2-3); this is followed by the very slight positive wave marked b (Lloyd’s 
DR 4) and the long slow negative wave marked d (Barron & Matthews’s dorsal 
root potential; Lloyd’s DR5). All these potentials are electrotonically 
propagated from the spinal cord to the dorsal root, for they fall off logarithmic- 
ally with distance along the root. Upon DR 5 appear a succession of negative 
deflexions, first a very small pulse, marked c, then a set of three large peaks, 
marked e, and finally a few more small pulses, marked f. 

In order to. find out whether these deflexions represented action potentials 
in the dorsal root fibres or were electrotonically propagated from the spinal 
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cord, simultaneous records were taken from the 9th dorsal root and its exten- 
sion into the sciatic nerve (Fig. 2); there was a conduction distance of 40 mm 
between the two recording positions. The nerve record (Fig. 2B) shows sharp 
deflexions similar to those recorded on the root (Fig. 2.4), but of smaller size 
and after a few milliseconds delay. If the conduction along the root and nerve 
was electrotonic, record B would be expected to be about 0-001 times the size 
of record A, whereas it is in fact 0-5 times (in four experiments the height of 


Fig. 1. Record from the 9th dorsal root (D.8.) after a volley on the 8th p.z. Stimulus marked with 
the unlabelled arrow. Time marker 10 msec; voltage marker 1 mV; direct-coupled amplifica- 
tion; a to f, see text. Negativity of the electrode nearest to the spinal cord upwards in all 
records, 


Fig. 2. Record from the 9th p.R. (record A, voltage marker 1 mY) and from its extension into the 
sciatic nerve (record B, voltage marker 0-3 mV) after a volley on the 8th p.z. Stimulus marked 
with an arrow. Condenser-coupled amplification, r=50 msec for B, 100 msec for A. 
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the first peak of record B was 0-2-0-6 times that of record A). The sharp 
irregular deflexions of the root record must therefore mostly consist of action 
potentials that are conducted towards the periphery. As the voltage-time 
area of each of these peaks of antidromic discharge was many times that of 
a single action potential (e.g. e compared with c in Fig. 1) a large number of © 
fibres must have fired during each of the peaks of discharge. 

In twenty-eight out of thirty-two experiments stimulation of the 8th dorsal 
root produced an antidromic discharge along the fibres of the 9th dorsal root, 
a discharge that varied from an action potential in a single fibre to a multiple 
action potential involving many fibres. No impulses appeared less than 3 msec 
after the stimulus and the discharge was usually finished within 30 msec, most 
of the impulses occurring between 10 and 20 msec after the stimulus. In many 
experiments the impulses occurred in one or more groups separated by several 
milliseconds and created the large voltage peaks already described (e in Fig. 1). 


TaBLE 1, The time (msec) between a stimulus to the 8th dorsal root and the peaks 
that appeared in the antidromic discharge on the 9th dorsal root 


- Time of Ist peak Time of 2nd peak Interval between 
(1) 


(2) the peaks, (2)-(1) 
M 21 7 
14 22 8 
15 
12 19 7 
10 18 8 
ll 18 
12 17 5 
10 17 7 
12 — 
11:5 21 9-5 
21-5 7 
Av. 124 19:4 73 


The latency of these peaks was found to vary within narrow limits (Table 1). 
When little or no antidromic response could be obtained, a second volley on 
the 8th dorsal root, applied within 10 msec of the first, always produced a large 
response (Fig. 3). 

A volley on the 8th dorsal root sometimes produced antidromic discharge 
on the 7th as well as the 9th dorsal root, while a volley on the 9th produced 
discharge on the 8th and also on the 9th dorsal root itself. In fact stimulation 
of any dorsal root within the lumbar enlargement could produce antidromic 
discharge in the fibres of any ipsilateral dorsal root within the enlargement. 
In only one experiment out of three attempted did stimulation of the 8th dorsal 
root produce impulses on the 9th dorsal root of the opposite side, but in all 
three experiments the volley on the contralateral dorsal root reduced the 
threshold to a simultaneous ipsilateral stimulus. __ 

A stimulus to the dorsal column at the level of entry of the 8th dorsal root 
into the spinal cord caused a large immediate volley on the 9th dorsal root 
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(a in Fig. 4) followed by a delayed discharge (b in Fig. 4) grouped into bursts 
similar to those after dorsal root stimuli but of a slightly greater delay. A tap 


on the skin of the thigh produced antidromic impulses along the fibres of the 
7th dorsal root, dorsal roots 8 and 9 being left intact. Peaks of discharge were 


Fig. 3. Record from the 9th p.R. after a single volley on the 8th p.R. (A) or two volleys (B); 
stimuli marked with arrows. Direct-coupled amplification. 


i Fig. 4.. Record from the 9th p.k. after a volley on the ipsilateral dorsal column. Condenser- 
: coupled amplification, r= 100 msec; stimulus marked by arrow, S; a, 6, see text. 


e again visible (a in Fig. 5) although the afferent input, as recorded from the 
8th and 9th dorsal roots, was an asynchronous discharge lasting up to 100 msec. 
_ All these antidromic discharges display a similar pattern and timing, so that 
Mt | #common term ‘dorsal root reflex’ may be used for all of them. When a small 
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patch of skin was gently pushed or stroked, antidromic impulses on a single 
fibre that fired repetitively for some seconds were occasionally observed. This 
response appeared to be completely different from the other antidromic 
responses and is not here included under the term ‘dorsal root reflex’, 

In three experiments the quantity of intact tissue was reduced by suc- 
cessive cuts across the spinal cord. The first cut was made at the caudal end of 
the lumbar enlargement, between roots 9 and 10; this removed the cauda 
equina. The second was in the thoracic region, between roots 5 and 6, and cut 


Fig. 5. Record from the 7th D.R. after a sharp tap on the skin of the thigh. Direct-coupled 
amplification. a, see text. Start of stimulus marked by arrow, S. 


off the cervical enlargement; subsequent cuts were caudal to this one and 
removed more of the rostral part of the lumbar enlargement. The effect of 
these cuts on the dorsal root reflex of the 9th dorsal root to stimulation of the 
8th dorsal root was slight until a cut was made just rostral to the 8th root 

itself, when the whole response was abolished. Cuts below root 6 caused the 
appearance of a large undelayed volley (Fig. 6); this decayed to a small fraction 
of its original value in 1-5 min. 

The usual rate of stimulation was 1/10 sec. When this rate was increased to | 
1/sec most of the dorsal root reflex disappeared. Higher rates of stimulation 
abolished the dorsal root reflex with the exception of a few impulses, mostly 
of very low delay (Fig. 7). When the rate of stimulation was reduced again to 
1/10 sec the dorsal root reflex immediately reappeared at its normal size. This 


evidence suggests that each response is followed by a phase of depression which 
lasts for more than 1 sec. | 
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Fig. 6. Record from the 9th p.R. after a volley on the 8th p.z. The spinal cord had been cut across 
between the levels of the 6th and 7th D.R. a few seconds beforehand. Condenser-coupled, 
7 = 100 msec; stimulus marked by arrow, 8. 


Fig. 7. Record from the 9th p.R. after volleys on the 8th D.R. at one per ten sec (A) or three 
per sec (B, multiple record).. Direct-coupled amplification; stimulus marked by arrow, S. 


The potential, at which the dorsal root reflex starts 


_ A stimulus was applied to the 8th dorsal root of such a size as to produce 


one, and only one, antidromic action potential on the 9th dorsal root (Fig. 8 A). 
This action potential was ‘all-or-none’ and was therefore assumed to be the 


‘Tesponse of'a single fibre. The voltage of the electrotonic dorsal root potential — 
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at which the impulse appeared was measured (a in Fig. 8A). Two stimuli at 
a few milliseconds interval were then applied to the 8th dorsal root, the stimulus 
strength was reduced until only one antidromic impulse was produced 
(Fig. 8B) and the voltage at which the impulse appeared was again measured. 
These two voltages were compared (Table 24). A similar comparison was 


3 Fig. 8. Record from the 9th p.R. after a single volley on the 8th p.R. (A) or two volleys (B); the 
stimuli were just threshold for antidromic impulses. Stimuli marked by arrows, S; direct- 
coupled amplification; a, see text. 


msec 


Fig. 9. Record from the 7th p.R. after a volley on the intact 8th and 9th p.R. (A) or a sharp 
tap on the skin of the thigh (B); the stimuli were just threshold for antidromic impulses. 
Direct-coupled amplification; dorsal root stimulus and start of the skin stimulus marked 
with arrows, 8. | 


made between the effect of a single volley on the 8th and 9th dorsal roots 
(stimulated together) and the effect of a sharp tap to the skin of the thigh, 
records being taken from the 7th dorsal root (Fig. 9) and the voltages being 
compared as before (Table 2B). The voltage threshold after a double dorsal 
root volley was slightly greater and that after a skin tap slightly less than the 
voltage threshold after a single dorsal root volley. 
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TasLe 2. The voltage (mV) of the dorsal root potential at which the first antidromic impulse 

occurred (a in Fig. 8) 

In A the voltages measured on the 9th dorsal root after a single volley and after two volleys, 

3 msec apart, on the 8th dorsal root are compared. In B the voltages measured on the 7th dorsal 

of the thigh are compared. 


(A) 
after Vol after 
. volley a double volley Voltage ratio, 
Expt. (I) (2) (2):(1) 
1 0-64 | 0-70 1-09 
: 0-62 0-64 1-02 
2 0-60 0-60 1-00 
0-44 0-45 1-02 
3 1-02 1-04 1-02 
1-07 1-20 112 
(B) 
Voltage after a Voltage after 
dorsal root volley a skin tap Voltage ratio, 
Expt. (1) (2) (2):(1) 
1 1568 1-29 0-82 
2 0-21 0-22 1-05 
3 0-45 0-36 0-80 
4 0-61 0-49 0-80 
0-65 0-49 0-86 
5 1-12 1-10 0-98 
1:36 1-11 0-82 


Direct stimulation of the dorsal column fibres 


_ When a short (0:2 msec) current pulse was passed between a cathode on the 
dorsal surface of the lumbar enlargement and a distant anode (see Methods), | 
-& large immediate volley followed by a dorsal root reflex could be recorded 
from the dorsal roots of the stimulated side (cf. Fig. 3). In three experiments 
“the cathode (the tip of a fine silver wire) was moved laterally across the dorsal 
surface and the stimulating current necessary to produce a single immediate 
impulse was determined. This threshold stimulation current increased greatly 
as the electrode was moved on to the opposite side of the spinal cord, doubling 
in size within 0-3 mm (Fig. 10). It is therefore improbable that in the sub- 
sequent determinations of threshold, in which the electrode was always on the 
dorsal surface of the same side as the recording root, fibres of either the lateral 
column or the opposite dorsal column were stimulated, so that collateral 
conduction from these columns cannot have affected the threshold determined. 
Since the dorsal column fibres are of larger diameter than their collaterals, it: 
is probable that the column fibres themselves were stimulated rather than the 
collaterals, 
Any afferent stimulus, such as a tap on the skin, increased the size of the 
immediate volley on a dorsal root produced by a stimulus to the dorsal 
surface of the spinal cord. The cathode used in these experiments was a silver 
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wire laid along the dorsal surface, so as to cover most of the length of the 
lumbar enlargement. In four experiments the current necessary to produce 
one impulse on the 9th dorsal root was determined at different times after a 
stimulus to the 8th dorsal root. The threshold current remained the same for 
the first 2-3 msec after the dorsal root volley, fell to a minimum of 0-5-0-6 of 
its original value in 15-20 msec, and began to rise again slowly (Fig. 11). It 
was not followed further because it was difficult to retain a steady control value 
for the threshold current during the experiment, owing to the gradual drying 
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% | 05 
Distance of ope from mid line (mm) 
Fig. 10. Variation of threshold stimulating current (pulse of 0-2 msec duration) with position of 
: the cathode on the surface of the spinal cord. The stimulating (S) and recording (R) electrodes 
_ were placed as shown in the inset diagram. The current was measured by the voltage drop 
A-A, 
of the dorsal surface of the spinal cord. The control values were higher than 
those in the previous section (16-23 A as against 4-5 A) probably because 
of the greater area of the cathode used... 

The size of volley produced by a given dorsal column stimulus also rose and 
fell roughly in time with the dorsal root potential. A stimulus which was, by 
itself, just subthreshold, produced a monophasic action potential of one or 
more millivolts when introduced during the peak of the dorsal root potential, 
so that an appreciable number of dorsal column fibres must have been rendered 
more excitable by the dorsal root volley. 
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A square current pulse of any duration applied between a cathode on the 
dorsal surface and a distant anode on non-nervous tissue produced a syn- — 
chronous volley on the dorsal roots of the stimulated side. In order to avoid 
this synchronous volley the rate of rise of the stimulus was reduced by making 


8 


3 


Threshold stimulating current (% of control) 


0 10 20 30 
Interval between dorsal root and dorsal column stimuli (msec) 


Fig. 11. The current required to produce threshold stimulation of the fibres of the 9th aunt 
root (recorded by electrodes R) when applied to the ipsilateral dorsal surface of the spinal 
cord (stimulator 8), plotted against the interval after a stimulus to the 8th dorsal root 
(stimulator 8’). The broken line (— --—) represents a typical dorsal root potential plotted on 
the same time scale. The stimulus 9’ itself just failed to produce antidromic impulses. 


the pulse exponential with a time constant of 15 msec (Fig. 12.4). This 
stimulus, at threshold intensity, produced an all-or-none response consisting 
of a set of three or more action potentials separated by similar intervals 
(Fig. 12B). These intervals varied between 5 and 8-5 msec, and in each set of 
impulses the interval tended to increase toward the end (cf. Fig. 12B). As the 
action potentials of each set were all of the same size and shape they probably 
represented the action of a single fibre. 

The interaction of these long current pulses and dorsal root volleys was 
examined; a volley was sent in on the 8th dorsal root 2 msec before a current 
pulse of the sort described above was started. It was found that a small dorsal 
root volley reduced the size of current pulse necessary to obtain an all-or-none 
single-fibre repetitive response of the type shown in Fig. 12B and that, vice 
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versa, a small current pulse reduced the size of dorsal root volley (and hence 


the type shown in Fig. 8. These two responses, the single-fibre repetitive 
discharge and the single-fibre dorsal root reflex, were easily distinguished from 
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Current (fraction of control value) 
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_ Fig. 13. The DRP and current pulse fractions which together are just sufficient to produce 
impulses on the 9th v.R. Stimulating and recording electrodes as in Fig. ll. 


dorsal root potential) necessary to produce a single-fibre dorsal root reflex of 


Fig. 12. A, rising phase of current pulse applied to the ipsilateral dorsal column. B, resultant 
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each other, and the thresholds at which they appeared were well defined. 
These thresholds were measured in terms of current strength and dorsal root 
potential voltage and plotted against each other (Fig. 13); the graph demon- 
strates the strong influence of each stimulus upon the threshold of the other. 


DISCUSSION 


All the responses, with the exception of those long-lasting single-fibre dis- 
charges which sometimes followed specific sensory stimuli, were of the same 
pattern, a short discharge which included one or more bursts of impulses. 
This suggests that they arose in the same way in the spinal cord and justifies 
the use of a single term “dorsal root reflex’ to describe them all. The timing 
of the bursts was remarkably constant for a given stimulus (Table 1), although 
under different stimuli it varied slightly; the obvious differences between the 
afferent discharges could account for this variation. A similar pattern of 
response was noted by Toennies (1938, 1939) in the saphenous nerve of the cat, 
after both nerve volley and tendon tap stimuli; he showed that the same fibres 
fired in each burst of impulses. In frogs the period between impulses in a single 
fibre stimulated in the dorsal columns is of the same order as the time between 
antidromic bursts on the dorsal roots, which suggests that the bursts represent 
repetitive firing here as well. Other workers on the frog have recorded dorsal 
root. reflexes varying from a single synchronous volley (Dun, 1939; Eccles & 
Malcolm, 1946) to a discharge lasting many milliseconds (Bonnet & Bremer, 
1952). All the observers found the impulses to occur in the first 30 msec after 
the stimulus and the main burst to fall on the rising phase and over the peak 
of the dorsal root potential; there is thus no disagreement about the timing of 
the discharge. 

_ The small quantity of intact tissue necessary for the dorsal root reflex to 
occur shows that its generation is a local spinal reaction and disposes of any 
possibility that the central delay could be due to long conduction up and down 
the spinal cord (the velocity of conduction in dorsal column fibres is approx. 
5-6 m/sec). The impulses often occurred on a considerable number of the 
dorsal root fibres, so they almost certainly must have been ordinary sensory 
fibres and not some hypothetical specialized group. Brooks & Koizumi (1956) 
showed that the fibres firing antidromically in the cat went to both skin o~ 
muscle. 

The dorsal root reflex could be obtained by a sharp skin tap, which is a 
‘severe but natural stimulus to a frog. In all the experiments, the vertebral 
canal was open, so that this might be a necessary condition for the response to 
occur, but in cats it certainly is not, for Toennies produced a dorsal root reflex 
‘on the saphenous nerve without opening the canal. 

The connexion between the afferent volley and the antidromic Gillon of 
the dorsal root reflex cannot be direct, because the central delay is far too 
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great to be accounted for by conduction alone and also because extensive 
anatomical tests have failed to detect fibres in the dorsal roots with central 
cell bodies (Westbrook & Tower, 1940). Ephaptic connexion, that is connexion 


by action current, is also ruled out by the long delay; and any hypothesis — 


which requires close juxtaposition of the incoming and outgoing fibres is 
rendered unlikely, though not impossible, by the large effect of contralateral 
stimuli upon the threshold to ipsilateral stimuli. Polysynaptic chains, sug-— 
gested by Toennies on the basis of Lorente de N6’s work on the oculo-motor 
nucleus, would have to be long to account for the delay; moreover, they might 
be expected to produce a totally different pattern of response from an asyn- 
chronous stimulus such as a skin tap. Brooks & Koizumi’s suggestion that 
the P wave of the dorsal surface record causes the impulses cannot be tested 
until the process that the P wave represents is known; if, as may be surmised, 
the wave is chiefly a record of the same process as the dorsal root potential 
represents, their hypothesis becomes identical with the idea of Barron & 
Matthews (1938) that the dorsal root potential (DRP) indicates the process 
which causes the dorsal root reflex. The dorsal root reflex and the DRP are 
- both increased by cooling (Barron & Matthews, 1938) or the application of 
eserine (Bonnet & Bremer, 1952) and are both decreased by the action of a 
conditioning volley (Eccles & Malcolm, 1946). The different stimuli that pro- 
duce a dorsal root reflex all produce a DRP, and they seem to have little else 
in common. These facts indicate a connexion between dorsal root reflex and 
DRP. 


The DRP decreases logarithmically with distance from the spinal cord — 


(Eccles & Malcolm, 1946), which suggests that it represents a passive outward 
membrane current that is electrotonically propagated down the dorsal root. 


The increased excitability of the dorsal column fibres that occurs contempora- | 


neously with the DRP both in frogs (Fig. 11) and cats (Rudin & Eisenmann, 
1952) suggests that the outward membrane current occurs in the dorsal column 
portion of the dorsal root fibres as well. Frank & Fuortes (1955) failed to find 
_the membrane depolarization of dorsal root fibres in time with the DRP which 
would be expected on this theory, possibly because they were too far from the 
source of the activity to obtain an appreciable membrane current. If it is 
assumed that outward membrane current in the dorsal columns is the cause of 
the change in excitability seen there, the obvious suggestion for the source of 
the dorsal root reflex is that the current stimulates some of the fibres to 
propagated activity. If so, two alternative sources of DRP of the same time 
course and acting on the same portion of the same fibres should produce an 
impulse on a given fibre at the same voltage. In order to test the theory two 
attempts were made to satisfy these conditions. In the first the alternative 
stimuli were either one volley or two volleys in the same fibres. The voltage 
_ at which the lowest-threshold fibre fired was not exactly the same after either 
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stimulus, that after two volleys being slightly greater. When a skin tap was 
compared to a single volley in the same fibres the shapes of the two DRP’s 


_ were not the same. Nevertheless, the voltages at which the first fibre fired were 


similar to each other, that after the skin stimulus being the smaller. The 
variations from unity, although small, were consistent; they may have been the 
result of difference in source of DRP, for the further the source of the DRP 
was from the recording dorsal root, the lower the voltage threshold would be 
expected to be. 


A further test of the theory was whether the increase in excitability of the 


dorsal column fibres that occurred parallel with the DRP was large enough to 
stimulate the fibres directly. The threshold of the most excitable fibre did fall 
by 40-50% (Fig. 11) and reached a minimum at 15-25 msec, somewhat in 
advance of the DRP peak. The decrease of threshold certainly occurred in a 
large number of fibres. Although the change in threshold started before the 
DRP and reached its peak before that of the DRP, it seems almost certain that 
they are both signs of the same current, for both should theoretically be pro- 
duced by outward membrane current in the dorsal column fibres and the 
difference in timing could be the combined effect of electrotonic conduction 
delay (Eccles & Malcolm, 1946) and accommodation. The maximum decrease 
in threshold to a current pulse is about 70% in peripheral nerve while a pulse 
four-fifths of the threshold size produces a depression of only 35% (Rushton, 
1932), so that if dorsal column fibres behave similarly the fibre whose threshold 


_ was measured was acted on by a current little less than that necessary to 


stimulate it. This is clearly consistent with the theory which is being tested. 
Rudin & Eisenmann (1952) found a similar change in threshold of the unstimu- 
lated dorsal column fibres after a dorsal root volley in the cat. 

A steady current from the dorsal surface stimulated the dorsal column fibres 
to repetitive activity, at periods comparable with those between the bursts of 
antidromic impulses in the dorsal root reflex. If one assumes that the stimulus 
was acting directly on the dorsal column fibres, an assumption partially 


justified by the rapid variation of threshold with position, this suggests a third 


test of the theory, namely whether the dorsal root potential and external 
steady current sum to produce a typical dorsal root reflex; on any theory the 
DRP would be expected to lower the threshold to the current. The summation 


was found, although it was certainly not linear, i.e. $ of the threshold DRP — 


needed far more than 4 of the threshold current to produce an impulse (Fig. 13). 
Since the two thresholds almost certainly did not apply to the same portion 
of the same fibre, this is to be expected. 

Nearly all the other facts known about the dorsal root reflex are easily 
explained on the present hypothesis. The dorsal column fibres appear 
to accommodate to a steady stimulus, which explains the brevity of the 


dorsal root reflex and the length of the depression which follows it.” If the 
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accommodation of dorsal column fibres decreases with cooling it would explain — 


the increase of dorsal root reflex then. The large number of different stimuli 
which produce the dorsal root reflex all cause a large DRP, and contralateral 
stimuli, which produce a small DRP, facilitate the production of the response. 

The evidence produced in this paper does not necessarily apply to the 
earliest of the antidromic impulses (Barron & Matthews, 1935; Habgood, 
1953). They could either be in fibres sensitive to a rapid change in current 
(as at the beginning of the DRP) or in fibres favourably placed for ephaptic 
linkage with the incoming ones. 

The dorsal root reflex in cats is probably produced in the same way as in 
frogs, for the responses and the conditions affecting them are very similar in 
the two species, and Rudin & Hisenmann (1952, 19534, b) have shown both an 
excitability change in the dorsal column fibres which parallels the DRP and 
spontaneous firing in these fibres (after the application of citrate) at 300-400/ 
sec, which corresponds to their frequency in antidromic discharge (Toennies, 
1938). 

In conclusion, it seems probable that passive outward membrane current in 
the dorsal column fibres causes both the dorsal root potential and the great 
majority of the impulses of the dorsal root reflex. 


SUMMARY 


1, Antidromic impulses on dorsal roots of the lumbar enlargement of the 
frog’s spinal cord have been observed after afferent stimuli. 

2. A large number of fibres are often involved; the discharge lasts up to 
30 msec and contaims bursts of synchronized impulses. 

3. A volley on an ipsilateral dorsal root or the dorsal column, or a sharp 
tap on the skin, all produce the same impulse pattern, which is termed the 
dorsal root reflex. Contralateral stimuli facilitate the dorsal root reflex. 

4. Only the lumbar enlargement is necessary for the dorsal root reflex to 
occur. It is found only if the stimulation frequency is less than 1/sec. 

5. The height of DRP on which an antidromic impulse appeared in a given 
dorsal root fibre was found to be nearly the same (0-80-1-12) with different 
types of afferent volley. 

6. A dorsal root volley reduced the threshold of individual dorsal column 

fibres to direct stimulation by 40-50%. 

_ 7, An externally applied outward membrane current produced repetitive 
firing in individual dorsal column fibres; a subthreshold current facilitated 
a dorsal root reflex and vice versa. 

8. Possible origins of the dorsal root reflex are discussed, It is concluded 


that the impulses of the reflex are probably generated by outward membrane 
current in the dorsal columns, 
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THE EFFECT OF MAGNESIUM AND CALCIUM ON THE 
FROG MYELINATED NERVE FIBRE 


By BERNHARD FRANKENHAEUSER anv HANS MEVES* 


From the Nobel Institute for Neurophysiology, 
Karolinska Institutet, Stockholm 60, Sweden 


(Received 3 March 1958) 


The effect of calcium on nerve fibres has recently been analysed by Franken 
haeuser & Hodgkin (1957) and Frankenhaeuser (1957). With the voltage clamp 
technique it was shown that the sodium conductance-membrane potential 
(9xa-Vm) curve is shifted along the voltage axis when the external calcium 
concentration [Ca], is varied, Further it was shown that the sodium-carrying 
system is more inactivated or refractory when [Ca], is reduced. The well- 
known effect of calcium on the threshold of nerve is explained through its 
effect on the specific permeabilities. On account of inactivation the myelinated 
- nerve fibre becomes inexcitable in a completely Ca-free solution within one 
minute. 

The effect of magnesium on the threshold of unmyelinated nerve fibres is 
similar to that of calcium, but somewhat smaller (Guttman, 1940; Gordon & 
Welsh, 1948). In voltage clamp experiments Ca was found to be 1-7—2-0 times 
more effective than Mg, judging from the shift of the gx,—V,, curve and from 
the effect on the rate with which the sodium conductance shuts off under an 
anode (Frankenhaeuser & Hodgkin, 1957). 
_ Much less is known about the effect of magnesium on myelinated nerve 

fibres. Increased magnesium concentration produces a loss of indirect excit- 
ability in a nerve-muscle preparation. This is due to a block of the motor 
end-plate, magnesium having at this structure an antagonistic action to 
calcium (del Castillo & Engbaek, 1954; cf. review by Engbaek, 1952). The frog 
nerve fibre is still excitable when it has been kept 2 hr in a solution with 
_ 66-4 mm-Mg (Hertz, 1947). For comparison, it may be pointed out that frog 
plasma contains 3 mm-Mg and 2 mm-Ca (Fenn, 1936). | 

Experiments by Héber & Strohe (1929) seem to indicate that both magnesium 
and calcium increase the threshold of frog nerve as measured by induction 
shocks and with the muscle twitch as index of excitation. In the present 
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investigation a quantitative comparison is made between the effects of 
magnesium and calcium ions on the threshold and on the amplitude of the 
eo action current of single frog nerve fibres. 


METHODS 


Single nerve fibres were isolated from the sciatic nerve of Rana temporaria. The fibres were mounted 
in a partitioned Perspex cell and sealed with petroleum jelly at both sides of the node of Ranvier 
under observation (see Frankenhaeuser, 1957, Fig. 1 A). Rectangular pulses of 7 msec duration 
were applied as stimulating currents across one of the seals while the longitudinal current was 
recorded across the other by means of a d.c. amplifier with a cathode follower input stage. The 
recording seal was shunted with 0-5 MQ in order to have a well-defined recording resistance. The 
distance between the two seals was 1-3 mm. The longitudinal currents were made mononodal by 
Ringer’s solution with 0-5% cocaine. The test solutions were applied to the middle pool only. 
The basic Ringer’s solution had the following composition (mm): NaCl 111-3, KCl 2-5, CaCl, 2-0, 
NaHCO, 2-5; pH 7-5-7-8. The [Ca] of this solution was varied between 0-1 and 36-0 mm, the 


osmotic pressure being held constant by appropriate changes of [NaCl]. Ringer’s solutions with Mg 


~ 


(without Ca) were made by substituting Mg for Ca. In two experiments Ringer’s solutions with 
a mixture of Ca and Mg were used. Five other experiments were made with HOO,-free phosphate- 
buffered Ringer’s solutions (0-67mm Na,HPO,, 0-16 mm-NaH,PO,; pH 7:1-7:3): in these 
experiments [Ca] was not increased above 12 mm, since at higher concentrations calcium is 
precipitated. 


RESULTS 


The threshold (thease was measured in twelve experiments, while test 
solutions with magnesium or calcium in concentrations between 0-1 and 
36-0 mm were applied to the node under investigation (Fig. 1). The threshold 
was measured as the smallest stimulus strength sufficient to elicit a full-sized 


longitudinal current. From 5 to 10 min were allowed for equilibration of the 


nerve fibre with the new solution, this time being found sufficient for comple- 
tion of the effects. 

The effect of calcium on the threshold agreed with the earlier observations 
(Frankenhaeuser, 1957). The steepness of the curve relating threshold to log. 
[Ca], became greater at higher concentrations; from 2-0 to 10-0 mm-Ca the 
threshold increased 10-8 mV, which may be compared with the mean threshold 
change of 9-3 mV for a fivefold change in [Ca], in the earlier experiments. 

The threshold decreased when a calcium-containing Ringer’s solution was 


- replaced by a Ca-free solution with equal concentration of magnesium. The 


mean threshold values measured in solutions with various [Mg] (without Ca) 
are plotted in Fig. 1. The magnesium curve is very similar to the calcium curve, 
but shifted along the logarithmic concentration axis, indicating that magnesium 
has qualitatively the same action as calcium, but is less effective. The com- 


- parison can be made quantitative by calculating the ratio of magnesium and 


calcium concentrations of equal effectiveness. From the individual threshold 
curves of the twelve experiments a mean Mg:Ca ratio of 2-4 (s.z. +0-1) was 
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obtained. This ratio showed no significant variation over the concentration 
range investigated. 

The behaviour of action current amplitudes in Ringer’s solutions with 
several different [Ca] was in agreement with the previous findings (Franken- 
haeuser, 1957). The current amplitude was constant between 2-0 and 
18:0 mm-Ca, but became smaller in lower and higher concentrations. The 
reduction of amplitude in low [Ca], was most pronounced for fibres in poor 
condition and increased with time after dissection. Likewise, the effect of 
Ringer’s solutions with various [Mg] (without Ca) on the longitudinal current 


— 50 
2:0 
1-5 — 30 
0-1 05 10 5:0 10-0 50-0 


Concentrations Ca or Mg (mM, log. scale) 


Fig. 1. Thresholds in Ringer’s solutions with different [Ca] without Mg (@), and in Ringer's — 


solutions with different [Mg] without Ca (©). Thresholds measured in arbitrary units (left- 
hand ordinate scale) and scaled by taking the threshold in Ringer’s solution with 2-0 mm-Ca 
as unity; corresponding threshold depolarizations in mV (right-hand ordinate scale) calcu- 

lated on the basis of 21 mV threshold depolarization in 2-0 mm-Ca (see Frankenhacuter, 1957); 
mean values (+8.E.) from twelve experiments. — 


amplitude depended upon the state of the fibre. In fresh fibres (i.e. in the first 


hour after mounting the fibre) the longitudinal current was independent of 
whether the solution contained calcium or an equal amount of magnesium in 
the concentration range 2-0-36-0 mm; in the lower concentrations, however, 
the amplitudes in Ringer’s solutions with magnesium were definitely smaller 
than in the solutions containing calcium. In ‘run down’ fibres this difference 
between solutions containing Mg and Ca was apparent also in a somewhat 
higher concentration range; e.g. in one experiment Ringer’s solution with 
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_ 2-0 mm-Mg applied 95 min after mounting reduced the amplitude to 84-4% of 
the value measured in 2°0 mm-Ca. A reliable Mg: Ca ratio for the longitudinal 
current could therefore not easily be obtained. 

A slight decrease of the current amplitude was observed in solutions with 
more than 18-0 mm-Mg as well as in those with more than 18-0 mm-Ca, quite 
_ as expected by the reduction in [Na]). Even when kept for 45 min in Ringer’s 
solution with 36 mm-Mg, the fibres were readily excitable. 

The experiments so far described were done with Ringer’s solutions con- 
taining either Mg or Ca. In two experiments Ringer’s solutions were used 
containing both Ca and Mg (2 mm-Ca+8 mm-Mg or 2 mm-Ca+12 mm-Mg). 
The measured thresholds in these mixed solutions agreed within + 6-5% witha 
threshold calculated from the thresholds in solutions with either Ca or Mg on 
the basis of a Mg:Ca ratio of 2-4. This indicated that the Mg:Ca ratio given 
above held true not only when Mg was applied in Ca-free solutions, but also 
for both ions acting simultaneously. 


In the previous experiments (Frankenhaeuser, 1957) it was found that a nerve fibre becomes 
inexcitable within 1 min when in a completely Ca-free Ringer’s solution which was prepared with 
careful precautions, i.e. ‘Specpure’ NaCl, silicone-treated glassware and the distilled water passed 
through an ion-exchange resin. The question then arose whether the fibre could be made excitable 
again by adding Mg to such a completely Ca-free solution. A complication was caused by the Ca 
contaminations of the solutions and of the commercial Mg salts. It was hoped to overcome this 
difficulty by taking advantage of the properties of the chelating agent ethylenediamine tetra- 
acetic acid (EDTA), which binds calcium almost 100 times more strongly than Mg (Schwarzen- 
bach & Ackermann, 1948). However, it was found that a Ca-free Ringer’s solution with 36-7 mm- 
Na, (EDTA) did not block the nerve fibres. The solution was prepared with ordinary distilled 
water and A.R. salts, pH adjusted to 7-1, phosphate buffer, [NaCl] reduced to half the normal 
value to maintain osmotic pressure. It may be mentioned in this connexion that a Ca-free 
Ringer’s solution prepared correspondingly with 27-5 mm-Na, (citrate) did not produce full 
inexcitability. The amplitude of the longitudinal current varied widely from fibre to fibre in the 
citrate Ringer’s solution as it did in the previous experiments in low [Ca],. Some fibres showed 
no activity whereas other fibres showed about 50% reduction of the current compared with the 
current in ordinary Ringer’s solution. The amplitude was regularly somewhat smaller in the 
citrate solution and in a solution with 36-7 mm-Na, (EDTA) than in the ‘Ca-free’ solution. 
Fibres in a somewhat ‘run down’ state had smaller currents than fibres in a ‘good condition’. 
The calcium-binding power of the EDTA is much greater than that of the citrate; the concen- 
trations of unbound Ca in the EDTA and in the citrate solutions are about 10-™m and 10-*m 


respectively, as caleulated from the equations and constants given by Hastings, McLean, Eichel- 


berger, Hall & da Costa (1934), Schwarzenbach & Ackermann (1948) and Chaberek, Bersworth & 
Martell (1955), assuming 0-02-0-1 mm calcium contaminations in an ordinary ‘Ca-free’ Ringer’s 
solution (see Frankenhaeuser, 1957). On the basis of this and the findings in the previous experi- 

ments it would be expected thatfibresin ‘good condition,’ also, would be completely inactivated at 
normal resting potential in the EDTA solution. This was not the case, and we have no explanation 
of this finding. EDTA may have an action of its own on the specific permeability changes or 
may slightly increase the resting potential. The major point with regard to the present experi- 
ments is that the conditions with EDTA are somewhat complicated, and the experiments on the 
_ activity of magnesium could not be carried out with EDTA solutions. 
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DISCUSSION 
The experiments showed that magnesium had qualitatively the same action 
on the threshold and the action current amplitude of the myelinated nerve 
fibre as calcium, but was less effective. For magnesium and calcium concen- 


trations of equal effect a ratio of 2-4 was obtained by threshold measurements, © 


which is of the same order of magnitude as the Mg:Ca ratio of 1-7-2-0 found 
in the squid giant fibre by the voltage clamp method (Frankenhaeuser & 
Hodgkin, 1957). The close agreement between the results obtained on the 
myelinated frog fibre and on the unmyelinated squid giant fibre may be a 
further example of the similarity of membrane properties in these rather 
different nerve fibres (see Dodge & Frankenhaeuser, 1958). 

In contrast to the findings on nerve fibres, the actions of calcium and of 
magnesium on the motor end-plate and on the frog heart are as a rule antagon- 
istic. For the latter organ, however, Kisch (1929) pointed out that in Ringer’s 
solution with low [Ca] a calcium-like action of magnesium may be observed 
in the sense that the magnesium effect is influenced by the calcium concen- 
tration. In our experiments an influence of this kind was excluded by the 
observation that the Mg:Ca ratio determined in different Ringer’s solutions 
with only one of the two ions also held true for a solution containing both. 

As can be seen from the threshold measurements, a Ca-free solution con- 
taining 4-8 mm-Mg (i.e. less than twice the plasma concentration) maintained 
the threshold at the value measured in ordinary Ringer’s solution with 
2-0 mm-Ca. Likewise, the amplitude of the longitudinal action current 
remained at its normal value in Ringer’s solution without Ca, if suitable 
amounts of magnesium were added. Further investigations would be required 


in order to show whether the failure of spike observed in the completely Ca- — 


free solutions, prepared with elaborate precautions, is prevented by magnesium 
or not. 

A detailed explanation for the similar, but quantitatively different, effects 
of calcium and magnesium on nerve fibres, considering, for example, the 
different radii of the hydrated ions Ca®+ and Mg?+ (4-8 A for Ca*+ and 5-2 A 
for Mg**; Steinbach, 1951) is not possible at the present time. 


SUMMARY 


1. A quantitative comparison between the effects of calcium and mag- 
nesium on the myelinated nerve fibre was made by measuring threshold and 
longitudinal action current amplitude of isolated frog nerve fibres in solutions 
with various concentrations of calcium and magnesium. 

2. The threshold increased with increasing concentrations of both calcium 
and magnesium, but calcium was 2-4 times more effective than magnesium. 
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3. The amplitude of the longitudinal action current was independent of 
calcium concentrations between 2-0 and 18-0 mm; with freshly dissected fibres 
the current amplitude did not change when caloium was replaced by equal 
concentrations of magnesium. 

4. It is concluded that calcium and magnesium have qualitatively the same 
effect on the myelinated nerve fibre and can replace each other. 


This investigation has been supported by grants from Stiftelsen Therese och Johan Anderssons 
Minne and from the Deutsche F 
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PARTITION OF THE VENOUS RETURN TO THE HEART 


By J. C. G. COLERIDGE anp A. HEMINGWAY 


From the Department of Physiology, School of Medicine, 
University of Leeds 


(Received 10 March 1958) 


The experiments described in this paper were undertaken to supplement 
knowledge about the relative rates of blood flow in the superior and inferior 
venae cavae. During the investigations some of the factors which modified 
the rates of flow in the venae cavae were examined and the rates of flow in 
some other veins were measured. 


METHODS 


ea were oetlarmed on dogs (9-21 kg) anaesthetized with chloralose (0-1 g/kg sin 
venously). Briefly, the principle of the method was to feed blood into the right atrium at a con- 
trolled and measured rate, and to measure the venous return flow in the superior vena cava (SVC), 


| inferior vena cava (IVC) or other veins. The arrangement of the apparatus and preparation is 


shown in Fig. 1. | 

Blood was drained from the veins by right-angled glass cannulae connected to outflow tubes 
which led to the flow recorders. The openings of these outflow tubes were set at the level of entry 
of the SVC into the right atrium. 

The flow recorders (Fig. 2) were a modification of the type described by Stephenson (1949). 
In the original form described by Stephenson, there was a back pressure into the vein as the flow 
increased and there was also a tendency for the calibration of the recorder to be upset because 
of a gradual gas exchange between the venous blood and the air in the flow recorder. These two 
faults were eliminated by introducing an air break between the outflow tube and the recorder and 
by arranging a by-pass arm so that at any time the uninterrupted venous flow could be diverted 
from the recorder while the zero position was being-re-set. By using tubes of various diameters at 
the bottom of the recorder the same recorder could be used for different ranges of flow. The ranges 
usually employed for different veins were: IVC, 250-1300 ml./min; SVC, 150-800 ml./min; 
femoral and jugular veins, 10-120 ml./min. 

_ After passing through the flow recorders the blood was collected into a Perspex trough and 
returned to the main reservoir. This reservoir was fitted with a level gauge connected to a volume 
recorder so that alterations in the distribution of blood aoe the reservoir and the animal 
could be measured. 

Blood was pumped from the reservoir through a flow recorder to an input reservoir from which 
the heart was fed. The height of the blood in the input reservoir was kept constant by an overflow 
tube, and the input to the heart was regulated by a screw clip on the tube leading to the right 
atrium. The blood pump was a double Dale-Schuster pump with a valve chamber modified so that 
an output of up to 2-31./min could be obtained (Coleridge & Hemingway, 1953). 
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IFR 


Fig. 1. Apparatus and preparation. Solid black indicates blood in external circuit; stippling 
|  Tepresents water-jackets fed by a pump from the water-bath. OFR, outflow recorders; 
dotted line L, openings of outflow tubes set at level of right atrium; P, Perspex trough; 
MR, main reservoir; BP, blood pump; EO, elasticity chamber; JF'R, inflow recorder; /R, 
input reservoir; SC, screw clip controlling constant level in reservoir; O, trickle overflow 
back to the main reservoir. 
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| _ Fig. 2. Modified Stephenson flow recorder. A, flow from vein, L, opening of tube set at level of 
entry of SVC into the right atrium; B, by-pass with clip permitting diversion of venous 
outflow while zero position being re-set; 0, connexion to volume recorder; D, outlet tube. 
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At the beginning of each experiment the perfusion apparatus was primed with heparinized blood 
(5000 i.u./l. Pularin, Evans Medical Supplies, Ltd.). The preparation was established as follows. 
The trachea was cannulated and the animal ventilated with a Starling ‘Ideal’ pump. The chest 
was opened by splitting the sternum or by resecting the 5th right rib. The SVC was dissected free 


distally for 2-8 cm from the pericardium, and the IVC was cleared between the diaphragm and — 


the pericardium. Care was taken to avoid damaging nerves in the neighbourhood of the veins. 
Heparin was injected intravenously in an initial dose of 500 i.u./kg and a maintenance dose of 
100 i.u./kg was given every 30 min. 

Cannulation of the venae cavae and the establishment of an inflow to the heart were undertaken 
in three stages, with as little interference as possible with venous flow. In Stage I the IVC was 
ligated and cannulated just above the diaphragm and the IVC flow was directed to a flow recorder. 
Blood was pumped back to the animal through an external jugular vein at a rate which kept the 
level of the main reservoir constant. To prevent venous congestion during cannulation of the IVC, 
the blood returning to the [VC was drained temporarily to the main reservoir, through polythene 
tubing introduced through a femoral vein, and was then pumped back tothe animal via the external 
jugular vein. In Stage IJ a cannula was tied into the heart end of the IVC and connected to the 
input reservoir. The input to the external jugular vein was then switched to the input reservoir and 
the screw clip on the tube leading to the heart was adjusted to keep the input reservoir just over- 
flowing. In Stage III a cannula pointing headwards was inserted into the SVC just above the 


- point of entry of the azygos vein, which was tied. As soon as the SVC flow was established through 


a recorder, the pump was adjusted to keep the volume of blood in the main reservoir constant. 
No attempt was made at any time to adjust the cardiac inflow to set the arterial blood pressure 
to a particular height. 

above the diaphragm; a cannula immediately below the diaphragm collected the flow from the 
trunk, the kidneys and the hind limbs. In other experiments flow in an external jugular, a femoral 
or the azygos vein was also measured. 

Arterial blood pressure was recorded with a Hg manometer from a T cannula in the common 
carotid artery. Right atrial pressure was recorded with a saline manometer. 


RESULTS 
Measurements in the initial period 


After a ane had been established the output of the pump was adjusted 


so that the animal was neither gaining blood from, nor losing blood to, the 
main reservoir. In twenty-four experiments under these conditions the sum 
of the separate venous outflows (which included neither coronary nor bronchial 
flows) ranged from 710 to 1455 ml/min (mean 1105). Or expressed as 
1./min/m*, for convenience of comparison with the findings of others, the total 
outflows ranged from 0-91 to 2-62 1./min/m? (mean 1-85; s.p. 0-47). The size of 
the total venous return appeared to be determined, to some extent, by the 
skill and experience gained in making the preparations, because highest values 
were obtained towards the ends of the series of experiments with both methods 
of thoracotomy. 

The average initial mean arterial blood pressure in the twenty-four prepara- 
tions was 96 mm Hg (range 45-155; s.p. + 29-4). 

The SVC flow in the different preparations ranged between 8 and 45 ml./ 


min/kg (mean 27); the IVC flow varied from 29 to 93 ml./min/kg (mean 62). 
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The SVC given as a percentage of the total venous outflow ranged between 
198 and 47-2% with a mean of 30-4% (s.p. 7-1 %). The measurements of flow 


in the left femoral vein, the right external jugular vein and the azygos vein 


are given in Table 1. 


TaBLE 1. Summary of rates of flow from different veins 


No. of Flow Flowas% Flowas% Flow as 
prepara- (ml./min/kg of of of to 
Vein tions body wt.) SVC flow IVC flow venous flow 
SVC 24 27-0 30-4 
(8-45) 
Total IVC 24 62-0 69-6 
(29-93) 
Hepatic 3 43-9 — 58-4 43:1 
(37-1-50-0) 
Abdominal IVC 3 B13 41-6 30-8 
(25-6-37-1) 
Azygos 1 3-1 3:3 
Ext. jugular (one) 2 5-5 17-5 5:3 
Femoral (one) 9 — 3°5 2-4 


TaBLE 2. Measurements of hepatic, SVC and IVC flows in three preparations. The figures are 
the means of the various measurements and the ranges are given within the brackets 


Preparation ... 1 2 3 
Weight (kg) IL-5 12-0 10-5 
Number of sets of 8 | 7 8 
measurements 
Mean art. B.P. > 118 133 107 | 
(mm Hg) (100-135) (117-140) (100-120) 
Total venous flow — 1193 1183 : 1088 
(ml./min) (1100-1385) (1150-1240) (1055-1130) 
SVC flow 332 | 293 
(ml./min) (260-460) (260-300) (245-340) 
Hepatic flow 505 547 444 
(ml./min) (450-575) (525-575) (390-490) 
Abd. IVC flow 356 354 351 
(ml/min) (295-395) (330-380) (290-390) 
Total IVC flow 861 901 795 
(ml./min) (835-925) (880-940) _ (755-865) 
_ Blood flow through the liver 


Three preparations were set up in which hepatic flow was measured 
and observations were made in each preparation at intervals over a period 
of about 2 hr. A summary of the observations is given in Tables 1 and 2. 
The total venous return was maintained within 5% of the mean value for 
most of the observations. On average, the hepatic flow was 43-1% of the 
total venous flow and 58-4 % of the total IVC flow. Expressed in terms of body 
weight the mean hepatic flow was 43-9 ml./min/kg of body weight; or, taking 
_ the weight of the liver as 2-35% of body weight (Brody & Kubler, 1941), 
188 ml./min/100 g liver. 
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The relationship of the size of the total venous return and of the arterial blood 
pressure to the relative rates of flow in the SVC and the IVC 

No clear relationship was found between the size of the total venous return 
and the relative rates of flow in the two venae cavae in the initial period. 
However, the proportion of blood passing through the SVC appeared to vary 
inversely with the height of the arterial blood pressure in the initial period, as 
is shown in Fig. 3. Summarizing the measurements from all the experiments: 
in twenty-four in which initial arterial blood pressure ranged from 45 to 

50 
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° 

°° 
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SVC flow as % of total venous flow 


Mean arterial 8.P. (mm Hg) 

Fig. 3. Relationship between the mean arterial blood pressure and the proportion of the total 
venous return flowing through the SVC during the initial periods of twenty-four experiments. 


155 mm Hg, the proportion of total flow which passed through the SVC varied 
from 19-8 to 47-2% (mean 30-4). In six experiments in which the arterial 


blood pressure was 70 mm Hg or lower, the SVC flow was 36-0-47:2% (mean 


40-5). In eighteen experiments in which initial arterial blood pressure was 


_ higher than 70 mm Hg, the SVC flow ranged from 19-8 to 33-0 % (mean 27:3) 


of the total. | 
In a number of experiments (fifty-one sets of observations in thirteen 
preparations), after a steady state had been obtained initially, the effects 
produced by altering the rate of inflow to the heart were observed. Mean 
arterial blood pressure always rose when the cardiac inflow was increased. 
Hence, in view of the correlation between arterial pressure and the relative 
caval flows already described, it was expected that the changes in heart output 


might also be associated with alterations in the ratio SVC: IVC flow. However, 


in about one half of the experiments the ratio did not noticeably change. But 
in the other half, the proportion of the total flow passing through the SVC | 
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decreased. as the output was increased and the measurements showing the 
relationship between SVC flow and the total venous outflow in four such 
experiments are plotted in Fig. 4. 

There were other circumstances in which the ratio SVC:IVC flow was 
inversely related to the arterial blood pressure. When observations were con- 
tinued for some time after the initial period, many preparations showed a 
progressive deterioration in their general condition, characterized by a fall in 
mean arterial blood pressure and a gradual uptake of perfusate from the main 


45 45 
40 40 
30 30 ge 
25 i L 25 i 
3 10 «16 10 12 «14 
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55 55 
> 45 45 
| 
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fo} fo} 
35 
Total venous outflow (I./min) 


Fig. 4. Measurements from four experiments to show alteration in the SVC flow (as a percentage 
of total venous flow) as inflow to the heart was varied. 


reservoir. Such changes are well known to occur in this type of preparation 
(in the dog, Wégria, Rojas & Wiggers, 1943; Huggins & Smith, 1952; Daly, 
Eggleton, Hebb, Linzell & Trowell, 1954: in the cat, Grundy & Howarth, 
1957). But in addition, a striking feature of these changes was a diversion of 
blood flow to the head end of the animal as the arterial blood pressure fell. 
This sequence of events is illustrated by the results from one experiment in 
which, over a period of 35 min, mean arterial blood pressure fell from 105 to 
40mm Hg and 780 ml. of blood was transferred from the reservoir to the ~ 
animal, The fall in blood pressure probably occurred as a result of a decrease 
in the total peripheral resistance, because during this period the input to the 
_ heart was maintained constant for as long as possible at 800 ml. /min. At the 
end of the period the proportion of the total venous return passing through 
the SVC had risen from 21 to 51%. 
The observations from four similar experiments in which arterial blood 
_ pressure fell progressively, although a constant cardiac inflow was maintained, 
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‘are shown in Fig. 5. The partition of the venous return with the deviation in 


favour of the SVC flow is shown at different arterial pressures as they occurred 
during the course of each experiment. 
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Arterial 8.P. (mmm Hg) 
Fig. 5. Results from four preparations in which arterial blood pressure gradually fell and the 
proportion of blood returning via the SVC gradually increased. Cardiac inflow maintained 
within 10% of the original value in each experiment. : 
Preparations which were being ventilated with room air, or with oxygen, 


were changed to a mixture of equal parts of nitrogen and air or, more usually, | 


to nitrogen. Periods of anoxia ranging from 40 sec to 6 min 40 sec were induced 
in fifteen experiments on nine dogs before resuming ventilation with air or 
oxygen. 

If the period of anoxia were prolonged the heart dilated, the right atrial 
pressure rose and the inflow to the heart could not be kept at the original rate. 
But in the majority of the experiments it was possible to maintain the cardiac 
inflow at the original rate for 1-2 min after inducing anoxia, by amet 
of the clip on the inflow tube. 

In general, for as long as the cardiac inflow was maintained, the effects 


_ produced included a rise in arterial blood pressure, an increase, both absolute 


and proportional, in SVC flow, and a decrease in IVC flow. Although the 
heart accelerated in most cases during the first few seconds of anoxia, brady- 


Cardia usually ensued when arterial pressure began to rise. The resistance of 


the region drained by the IVC increased in all the experiments and of that 
drained by the SVC in nine of the experiments. 
The flow through the SVC was proportionately increased in all the experi- 
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ments; but some of them were more satisfactory than others for analysis of 
the redistribution of the caval flows because the cardiac inflow was held steady 
within 10% of the original rate for the whole, or a considerable part, of the 
period of anoxia. In these experiments, depicted in Fig. 6, it can be seen that 
the alterations in SVC flow in different experiments varied considerably. In 
one case the SVC flow changed only from 42 to 44% of the total flow, but in 
two others it changed from 23 to 47% and from 38 to 64% respectively. 


70r 


3 


SVC flow as % of total venous flow 


46080 100-120-140 
Duration of anoxia (sec) 


_ Fig. 6. Showing the effect of anoxia on the proportion of the total venous return flowing through 
the SVC in experiments in which cardiac inflow was held steady within 10% of the original 
rate. 


The flow through the IVC was correspondingly reduced and in some of the 
experiments (not included in Fig. 6) in which the period of anoxia was pro- 
longed and the cardiac inflow had to be reduced the effects produced on the 
__IVC flow were dramatic. In some cases, as is shown in Table 3, the IVC flow 
was reduced to zero. (The IVC flow recorder did not record accurately rates 
of fiow of less than 250 ml./min, but the outflow through the IVC recorder was 
seen to have stopped completely.) In both experiments there was a large 
telative increase in the SVC flow and there was also an increase in femoral 
vein flow. 

_ Although as anoxia progressed there was always, eventually, a decrease in 
_ the IVC flow, in the initial stages of seven of the experiments there was a 
_ transient increase in the IVC flow (Fig. 7) of up to 1 min duration without any 
- Corresponding reduction in SVC flow; so that, for a short period, total outflow 


exceeded total inflow. In the experiment depicted in Fig. 7 the increase in 


the rate of flow gave an additional net outflow of 40-50 ml. over what might 
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have been expected from the rate of flow immediately before anoxia was 
induced. This blood represented, of course, a diminution in the total volume 
contained in the animal, and an increase in the volume held in the main 
reservoir. 


TaBixE 3. The effects produced by anoxia on SVC, IVC and femoral vein flows 


’ Femoral 
Mean Venous flow (ml./min) SVC flow flow 
Duration artBP - A (% of (% of 
Expt. ofanoxia (mmHg) SVC IVC Femoral Total total flow) total flow) 

1 Control 92 300 595 35 930 32 3-8 
lmin 39sec 200 400 465 50 915 44 5-5 

3 min 16 sec 43 290 0 55 345 84 16-0 

2 Control 130 450 730 10 1190 38 0-8 
lmin1l7sec 183 555 515 70 1140 49 61 

4 min 190 515 200 45 760 68 5-9 
6min 45sec 181 420 0 50 470 89 11-0 


Venous flow (ml./min) 


140 
£120 | 
a 
1400 ANOXIA 
& 0 2 4 6 
Minutes 


Fig.7. Dog, 10 kg. Effect of anoxia on SVC, IVC and femoral vein flows and arterial blood pressure. 
Note particularly the temporary increase in IVC flow in the early stages of anoxia. During 
this period the reservoir gained 40 ml. of blood from the animal. : 


Effects produced on venous flow by occlusion of the common carotid arteries 

Thirteen experiments were performed to determine whether any alterations 
in the actual or relative caval flows occurred when both common carotid 
arteries were occluded and the inflow to the heart from the pump was kept | 
constant. In all the experiments the flow through the SVC was reduced (mean 
reduction, 13% of the original rate) and the IVC flow was increased. But 
there was no clear-cut evidence that total venous return was altered, even 
temporarily, by carotid occlusion; in six experiments out of the thirteen there 
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was a mean increase of 30 ml./min (about 2-5% of the original total flow) and 
in seven experiments there was a mean decrease of 12 ml./min (about 1%). 

The results of three experiments in which the hepatic and abdominal IVC 
flows were separately collected and measured are given in Table 4. Although 
the SVC flow was reduced when the carotid arteries were occluded the total 
venous return was practically unchanged and the increase in the IVC flow 
was confined to the regions which were drained by the hepatic veins. Although 
the total IVC flow increased, the peripheral resistance of the region drained 
by the IVC also increased in eleven of the experimentg. , 


TaB_z 4, Effects on venous flow produced by occlusion of the common carotid arteries 
Venous flow (ml./min) 


3 


B.P. 2 Total venous 
Expt (mm Hg) SVC Hepatic Abd. IVC Total IVC flow 
1 Control 116 350 490 390 880 1230 
Carotids 138 250 605 390 995 1245 
clamped 
2 Control 100 320 500 395 895 1215 
tids 138 220 590 390 980 1200 
clamped 
3 Control 140 300 530 330 860 1160 
Carotids 157 280 565 325 890 1170 
clamped 
DISCUSSION 


When the preparation had been established the immediate aim was to bring 
the inflow to the heart and the venous return into such a relationship that 
there was no shift of blood from the animal to the reservoir or vice versa, 
rather than by setting it to give a predetermined value of cardiac output or of 
.arterial blood pressure. It was of interest, therefore, to compare the total — 
venous outflows under these conditions with the cardiac outputs measured by 
others in intact anaesthetized dogs. Kenney, Neil & Schweitzer (1951) give 
the results of different workers who employed the direct Fick principle; the 
mean was 2°86 1,/min/m?. The initial total venous return in our experiments 
was, on average, 35% less than this. But our measurements excluded coronary 
_ and bronchial flows. Moreover, it is well recognized that there is a reduction 
in cardiac output when the thorax is opened and artificial ventilation insti- 
_ tuted; Daly, Lambertsen & Schweitzer (1953) found a reduction in output of 
35-46%. It is within the limits of these ‘subnormal’ cardiac inflows that the 
tates of flow in the SVC, IVC and other large veins have been measured and 
‘some of the factors influencing flow have been investigated. | 


Caval flows 
Few direct measurements have so far been made to assess simultaneously : 
the relative rates of blood flow in the venae cavae; although observations have 
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been made of the variations in caval flow during the cardiac and respiratory 
cycles (for references see Brecher, 1956). Most previous workers have made 
measurements either in one vessel in a particular preparation (Burton-Opitz, 
1921; Eckstein, Graham, Liebow & Wiggers, 1947; Feldman, Rodbard & 


Katz, 1948), or serially in different veins by transferring the flow-measuring 


device from one site to another (Blalock & Levy, 1937; Levy & Blalock, 1937). 
But Grundy & Howarth (1957) have recently reported simultaneous measure- 
ments of SVC and IVC flows in the cat in a preparation almost identical with 
ours. 

The results obtained by Burton-Opitz indicated that the SVC flow of the 
cat was 43°% of the combined caval flows; Grundy & Howarth’s figures give 
a mean of 31% of the total venous return. Blalock & Levy (1937) found the 
flow in the SVC in the unanaesthetized dog to be 32-5 % of the cardiac output 


measured by the direct Fick method. The proportion of the total caval flow, 


30:4°%, which has been found to return through the SVC in the present series 
of experiments, with measurements made simultaneously in different veins, 
is in good agreement with these observations of Blalock & Levy. There is less 


agreement with the results of Feldman et al. (1948), who measured the SVC 


and IVC flows separately in different dogs. Although they did not refer 
directly to the partition of the venous return between the two venae cavae, 
their data (tables 1 and 2 in their paper) indicated that the SVC carried | 
approximately 43% of the combined caval flows during the initial asogtel 
ew in their expres the vagi had been cut. 


Hepatic flow 

Measurements of liver blood flow in the dog in vivo have been made by the — 
application of thermostromuhrs to the hepatic vessels, by the collection of the | 
flow from the hepatic veins into the IVC and, indirectly, by measuring the 
rate of extraction from the blood and excretion by the liver of bromsulphalein 
(BSP). Some of the many measurements of liver flow obtained by these 
different methods are presented in Table 5. For purposes of comparison the 
different flows have been given in ml./min/kg body weight. It should be 
pointed out, however, that some workers are not in favour of relating liver 
flow to body weight, because they find that liver flow is variable and changes 
as the liver stores or releases blood (Grindlay, Herrick & Mann, 1941). 

With the exception of the results of Blalock & Mason (1936), the direct 


measurements of liver flow given in Table 5 were made on dogs with open 


chests. The mean flows in the different series of experiments ranged from 


25:3 to 33-0 ml./min/kg; our flows were higher than this (mean, 43-9 ml./ | 


min/kg). Our results agreed more closely with the estimates of liver flow made 


_ by the BSP method on dogs with the chest intact (29-5-48-6 ml./min/kg) but, 


in general, our flows are higher than the majority of hepatic flows given in 
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Table 5 and measured by a variety of methods. The reason for our higher flows 
is not clear, particularly since our results showed that deterioration in the 
general condition of the animal was accompanied by an increase in SVC flow 
at the expense of flow from the vascular bed drained by the IVC, hence it 
might have been expected that a reduction in liver flow would have been 
associated with the extensive operative procedures used in our experiments. 
Nevertheless, we do not wish to emphasize this difference, because our observa- 
tions were made on only three preparations. 


TABLE 5. Hepatic blood flow in dogs determined by various methods _ 


Authors ‘Methods wt. is 
Grab, Janssen & Rein (1929) Thermostromuhr 25-3 
Blalock & Mason (1936) Measurement of 27-0 
venous outflow 
Grindlay, Herrick & Mann (1941) Thermostromuhr 26-0 
Selkurt (1954) | Measurement of 33-0 
| venous outflow 
Werner & Horvath (1952) 42-0 
Heineman, Smythe & Marks (1952) 31-0 
Pratt, Burdick & Holmes (1952) BSP clearance 48-6 
Smythe, Heinemann & Bradley (1953) 29-5 
Casselman & Rappaport (1954) 37-0 
results Measurement of 43-9 


venous outflow 


Flow in other vevns 

Only a few measurements of azygos flow in the dog seem to have been made 
with the venae cavae unoccluded. Andreasen & Watson (1952) report one 
measurement of 18 ml./min in a dog which probably weighed about 10 kg. 
A measurement of azygos flow has also been reported by Mott (1953); fig. 2 
in her paper indicates a flow of about 15 ml./min in a dog weighing 3 kg. 
The rate of flow which we measured in a dog of 9-1 kg was about twice 
this. 

Burton-Opitz (1902, 1903) found that the blood flows in the external jugular 
vein and the femoral vein of the dog were, on average, 11 and 3-6 ml./min/kg 
respectively ; the corresponding flows in our experiments were 5-5 and 2:3 ml./ 
min/kg. The larger flows noted by Burton-Opitz may be due to his observa- 
tions having been made on intact dogs in which the cardiac outputs were 
probably higher than in the present experiments. 


_ Effects produced by changes in arterial blood pressure and inflow to the heart 
The changes in the partition of the caval flows which were produced by 


deliberate alterations in the inflow to the heart, or which were associated with 


spontaneous changes in the arterial blood pressure, can be conveniently 


considered together. In the initial period the proportion of the total flow 
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passing through the SVC in the different preparations appeared to vary 
inversely with the height of the arterial blood pressure. Similarly, in deterio- | 
rating preparations when arterial blood pressure fell although a constant inflow 
was maintained to the heart, SVC flow increased relatively. In other words, 
when arterial blood pressure was low there was evidence for an exclusion of 
blood from the regions drained by the IVC, presumably by vasoconstriction. 
Again, when the inflow to the heart was deliberately reduced the changes in 
»the pattern of the venous return were similar to those described as occurring | 
immediately after haemorrhage (Blalock & Levy, 1937; Eckstein et al. 1947; 
Wiggers, 1950). The results of Eckstein et al. and Wiggers suggested that after 
haemorrhage the measured reduction in the IVC flow was proportionately 
greater than the reduction in the cardiac output assessed from the arterial 
pressure pulse contour. Our results confirmed this and, moreover, the simul- 
taneous measurements of SVC and IVC flows made it possible to demonstrate 
a relative increase in the SVC flow, although the absolute rate of flow fell as 
the cardiac output was reduced by diminishing the input from the pump. 


Effects produced by anoxa 

An even more striking reduction in IVC flow was shown when the prepara- 
tions were submitted to anoxia. The effects produced were similar to those 
described by Feldman ef al. (1948), but the controlled heart input and the 
simultaneous measurements of SVC and IVC flows in our experiments made 
it possible to amplify their conclusions. Because of the experimental condi- 
tions, cardiac output was not increased when anoxia was induced; neverthe- 
less, the flow in the SVC was increased both absolutely and relatively during 
anoxia. This diversion of flow was due mainly to the rapid increase in resistance 
of the region drained by the IVC rather than to a dilatation in that associated [{ 
with the SVC, although in some cases there was a fall in the peripheral 
resistance calculated for the SVC. The nature of the observations did not 

_ permit the identification of any particular region where vasodilatation 
occurred. 

The increased rate of flow from the IVC during the initial stages of anoxia ~ 
was similar to that observed by Feldman ef al. (1948) and, in the intact animal, 
would be likely to represent an increase in the rate of the venous return, and 

| therefore, in the output of the heart. An increase in the cardiac output in 

; anoxia has been described by Harrison & Blalock (1927) and Harrison, Wilson, — 

_ Neighbours & Pilcher (1927). The transient increase in the rate of venous 
outflow which was observed might have been caused by a constriction of | 
veins. Alexander ser reported that venoconstriction is induced oY 


anoxia. 
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Effects produced by carotid occlusion 

Because the ability to produce an increased venous return had been demon- 
strated it was thought that further information about the effects of carotid 
occlusion on cardiac output might be elicited. The conflicting opinions on 
these effects were reviewed by Kenney et al. (1951) who, in their own experi- 
ments which refuted those of Charlier & Philippot (1947), could not find any 
substantial alteration in cardiac output after occlusion of both carotid arteries, 
stimulation of the carotid sinus nerve or changes in pressure in the perfused 
carotid sinus. Since their work, Leusen, Demeester & Bouckaert (1956) have 
claimed that occlusion of the common carotid artery caused an increase in 
cardiac output, although the increase was not as great as that which followed 
the reduction of pressure in an isolated sinus. Moreover, Rashkind, Lewis, 
Henderson, Heiman & Dietrick (1953), employing a preparation somewhat 
similar to the present one, obtained a fall in total venous return on stimulation 
of the carotid sinus nerves. | 

Constriction of veins in response to carotid artery occlusion has been demon- 
strated (Gollwitzer-Meier & Schulte, 1931; Alexander, 1954). But our experi- 
ments do not give any clear-cut indication of an increase in venous return such 
as might be caused by a constriction of veins. One reason for this may be that 
the arbitrary setting of the openings of the venous cannulae to the height of 
the right atrium did not impose sufficient distension upon the veins to enable 
optimum demonstration of venous capacity effects to be made. Furthermore, 
the vasomotor reactions may not have been as great as those in an animal 
_ which had been submitted to less stress by operation. Finally, as demonstrated 
by Chungchareon, Daly, Neil & Schweitzer (1952) there is uncertainty also, 
particularly in the dog, about the extent and the duration of the hypotension 
induced in the carotid sinus by occlusion of the common carotid artery. 


SUMMARY 

1. A preparation (dog) with open thorax is described in which the inflow 
to the heart was regulated and measured, and cardiac output controlled. 

2. The rates of blood flow in the venae cavae, hepatic, external jugular, 
azygos and femoral veins were measured. Z 
_ 3. When the preparation was newly established and the circumstances 
_ Were as similar as possible to those of the original circulation, the flow through 
the SVC was about, one-third of the total venous return. 

. 4. When the inflow to the heart was reduced the flow decreased pro- 
_ portionately more in the IVC than in the SVC. 
5. When the animal was exposed to anoxic conditions the venous flow 
through the SVC increased both absolutely, if the cardiac inflow was main- 

tained constant, and relatively, even if the cardiac inflow was reduced. In 
| 24-3 
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some cases there was an increase in the venous return during the initial stages 


of anoxia. 
6. After seoladlon of the common carotid arteries there was no definite 


indication of any change in the total venous return. 
7. Gradual deterioration of the preparation was accompanied by a diversion 
of blood flow to the vascular bed drained by the SVC. 


The expenses of this research were defrayed, in part, by a grant from the Medical Research Council. 
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THE RELATION BETWEEN RECEPTOR POTENTIALS AND 
THE CONCENTRATION OF SODIUM IONS 
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(Received 17 March 1958) 


Receptor potentials have been shown to occur in a variety of receptors when 
they are stimulated, and it is likely that these potentials are responsible for 
exciting impulses in the corresponding receptor nerve. It has been suggested 
that the most likely mechanism for the generation of the receptor potential, 
in certain end organs, is that the permeability of the membrane of the terminal 
portion of the receptor nerve fibre changes, and that this results in a transfer 
of charge by one or more ions moving down their electrochemical gradients 
(Katz, 1950; Gray & Sato, 1953; Gray, 1958). 

~ The nervous impulse does not occur in the absence of Na+, and its amplitude 
depends on the concentration of this ion (Hodgkin & Katz, 1949; Huxley & 
Stémpfli, 1949). Activity at the motor end-plate is also dependent on the | 
concentration of Na+, but in this instance absence of Nat does not abolish all 
activity since other ions contribute to the change of potential (Fatt, 1950; 
del Castillo & Katz, 1956; Nastuk, 1953). The technique used in the above 
experiments, of changing the composition of the external fluid, was applied by 
Katz (1950) to muscle spindles from the frog and by Gray & Sato (1953) to 
Pacinian corpuscles of the cat; in neither instance did removal of Na+ change 
the receptor potential, although impulses were abolished. Gray & Sato (1955) 
have shown, however, that the diffusion of ions through the lamellae of the 
Pacinian corpuscle takes place very slowly. To overcome this difficulty a 
technique has been developed to perfuse the corpuscle with solutions of varying 
ionic content. 

The main purpose of the work described in this paper has been to investigate 
the effect on receptor potentials of changing the concentration of Na+ in the 
perfusing fluid. A preliminary account of some of these results has been 
published (Diamond, Gray & Inman, 1957). 
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METHODS 


Preparation. Pacinian corpuscles were obtained from the mesenteries of cats anaesthetized 
with either chloralase (80-100 mg/kg) or ether. The blood vessels always enter the corpuscle with 
the nerve fibre and normally accompany it for at least the last millimetre of its extra-corpuscular 
course. In order to keep intact the necessary blood vessels the following modifications were made 
to the technique described by Gray & Sato (1953) for the preparation of Pacinian corpuscles and 
their nerve fibres: the cat was given heparin (1,000 i.u./kg) intravenously and all blood vessels 
were divided between ligatures when the intestine and mesentery were removed from the animal; 
the intestine was not detached from the mesentery during dissection and care was taken not to 
divide vessels which had not been previously ligated; after the corpuscle and its axon had been 
dissected all the branches of the associated mesenteric artery were ligated except that supplying 
the corpuscle; the mesenteric artery was prepared to take a metal cannula at either end; as a final 
precaution against leaks, the preparation was cut away from the surrounding mesentery by 
diathermy, the current being applied through a fine needle point. | 

Mounting. The preparations were mounted in the manner described by Diamond, Gray & Sato 
(1956) with the addition that the mesentery was held in place by four phosphor-bronze clips 
(Text-fig. 1). 

Stimulating and fete techniques. The techniques used for mechanical stimulation of the 
corpuscle and for recording the resulting electrical activity were also the same as those used by 
Diamond, Gray & Sato (1956) except that the earthed pool was that containing the mesentery. 
Photographs, consisting of about 25 superimposed traces repeated at 50/sec, were taken at intervals 
- ranging from 1/sec to 1/min. 

to polarize the preparation, was used in some experiments to pass short current pulses (ca. 1 msec 
and 1-2 x 10-*»A from a 42 Mf source) across the preparation; the potential change developed 
across the barrier as a result of this pulse gave a measure of the recording resistance. A single 
current pulse was applied in this way immediately after the last response of each group, and the 
resulting potential change was photographed. The size of the current pulse was too small to 
produce any biological response. When a current pulse was thus used to measure the relative 
recording resistance a direct correction for any changes in this resistance could be applied to each 
record. When the direct method was not used the ratio of the amplitudes of the responses 
immediately before and shortly after changing the perfusion solution was used as a correction 
factor; this was considered adequate since the change in resistance was often complete in less than 
10 sec whilst the change in receptor potential took 10-20 min. 

Perfusion technique. The apparatus used is illustrated in Text-fig. 1. Metal cannulae (e, e) were 
inserted, one in either end of the associated mesenteric artery (d). When the preparation was 
mounted the two cannulae were held in clamps on either side of the Perspex chamber (f, f). To 
perfuse the preparation a pressure was applied at P, tap (g) was opened and the artery was filled 
with the solution from the bottle (k). The tap was then closed, and the pressure was allowed to 
rise in the perfused tissue. All solutions passed through a sintered glass filter (h) (Gallenkamp 
75 x 4) before reaching the preparation. The pressure applied to the system was within the range 
150-300 mm Hg, as measured by the manometer (m). The main features of this technique have 
already been published (Diamond, Featherstone, Gray & Inman, 1956). 

Solutions. The ‘normal’ perfusing solution, which was identical with the external bathing 
solution, was a modification of Krebs-Henseleit’s solution and had the following composition 
(mm): NaCl 145, CaCl, 2-5, MgSO, 1-2, K,HPO, 2-5, KH,PO, 0-6, HCl 0-3; the pH of this solution 
was 7:1. 

Na*-free solutions were made by substituting either choline chloride 175 mM, or sucrose 290 mm 
for NaCl in the above solution. Solutions containing concentrations of Na* intermediate between 

- ‘normal’ and Nat-free were made by adding NaCl and sucrose in the desired proportions. When 
- solutions contained sucrose, this was added in the solid form shortly before use. Solutions 


A 


~ 
1 
is 
og 
7 
i 
Wa 


384 J. DIAMOND, J. A. B. GRAY AND D. R. INMAN 


containing procaine were made by adding the required volume of a freshly prepared solution of 
procaine hydrochloride (2-5 g/100 ml.) shortly before use. 

Histology. At the conclusion of each experiment the preparations were perfused with either 
10% indian ink or 1% Berlin blue in normal solution. They were then fixed in either Bouin’s fluid 
or osmic acid, dehydrated, cleared and mounted. 
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Text-fig. 1. Perfusion apparatus. a, Pacinian corpuscle; b, barrier (Perspex and setecleune jelly); 
c, branch artery to corpuscle; d, a mesenteric artery; ¢, cannula; f, cannula holder; g, out-flow 
tap; h, sintered glass filter; j, phosphor-bronze clamp; k, bottle containing solution; I, — 
gauge; m, Ag-AgCl-agar electrodes. Pressure applied at P. 2 


RESULTS 
Perfusion with normal solution 


The records obtained when Pacinian corpuscles were stimulated ibis taaty 
were of the form described in previous work (Gray & Sato, 1953; Diamond, 
Gray & Sato, 1956). When the preparation was mounted the first procedure 


in all experiments was to obtain a series of records corresponding to a suitable 


range of stimulus strengths. These records showed the threshold and latency 
of impulse initiation; threshold was taken as that stimulus strength at which 
about half the responses in a group included nervous impulses. The pressure 
in the mesenteric vessels during perfusion frequently caused distension of the 
mesentery, and this sometimes caused penetration of fluid into the barrier as 
a result of movement of the preparation; the recording resistance consequently 
decreased and with it the amplitude of the recorded response. These effects, 
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if they occurred, were normally complete after a few minutes of perfusion. 
There was no detectable change in the behaviour of the receptor as a result of 
perfusion per se, even when movement caused an initial decline in amplitude 
of the recorded receptor potential; this is indicated by the constancy of the 
threshold and, at a given stimulus strength, the latency for impulse initiation. 


Perfusion with solutions of modified Na* concentration 

Nat-free perfusion and the nervous impulse. When the corpuscle was perfused 
with solutions in which the NaCl was completely replaced by either choline 
chloride or sucrose, the first effect observed was the disappearance of the all- 
_or-nothing impulse central to the recording barrier. This was followed by a 
steady decline in the amplitude and rate of rise of the impulse peripheral to 
the barrier, and an increase in the threshold for impulse initiation. The all-or- 
nothing response disappeared rapidly, leaving a pure receptor potential; in 
six satisfactory experiments the time to disappearance ranged from 30 to 
105 sec (mean 63 sec). In the last stages of its decline the amplitude of the 
impulse became so small and its rate of rise so slow that it was only distinguish- 
able at threshold, when it appeared as a small ‘hump’ superimposed on the — 
receptor potential (Text-fig. 2). The effects of Na*+-free perfusion on the all-or- 
nothing activity were reversible, the impulse returning after perfusion with 
normal solution in a time ranging from a few seconds to 9 min (four experi- 
ments) (Text-figs. 2, 4). 

Nat-free perfusion and the receptor ‘potential. During continued perfusion 
with a Nat-free solution, after this had abolished the impulse, a gradual 
decline in the amplitude and rate of rise of the receptor potential was observed 
(Text-fig. 3). 

The first experiments were done by replacing Na+ with cholinet. This 
method had the advantages that the change was restricted to the cation and 
that the electrical conductivity of the system was little altered. Provided that 
such a Na*+-free solution was not used for more than about 30 min, this effect 
was reversed by perfusing with normal solution. The effects are illustrated in 
Text-fig. 4. It will be seen that both the amplitude and rate of rise of the 
- receptor potential declined during perfusion with the Na*-free solution; when 
perfusion with normal solution was recommenced the amplitude and rate of 
rise returned to approximately the initial values. In other experiments the 
Na+-free perfusion was continued for longer times and the effect of this was to 
reduce the receptor potential to a lower steady level, sometimes to, or below, 
the noise level of the amplifying system. These potentials recovered only 
partially or not at all when the preparations were again perfused with the 
- normal solution. The value of the initial receptor potential could not, of course, 
be recorded in the presence of the impulse, which obscured the receptor 
potential during the early stages of its decline and the later stages of its 
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recovery (that is, outside the period between the arrows in Text-fig. 4), and 
hence no valid estimate of the reduction in the size of the receptor potential 
could be made. These experiments are open to two further objections. First, 
being an ion, choline might be able to replace Nat in certain functions other 
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Fig. 3 | 

Text-fig. 2. Abolition of the nervous impulse by Nat-free perfusion. Upper trace, msec and 
threshold mechanical stimulus; lower trace, responses. a, receptor and action potentials 
before commencing perfusion; b, after perfusion with Na*+-free solution; c, perfusion with 
normal solution following b. Stimulus signal gain reduced in c; stimulus strength in c approxi- 
mately equal to that in a. 

Text-fig. 3. Receptor potentials in Nat-free solution (sucrose replacement). Top trace, stimulus 
and time (msec); bottom trace, receptor potential. a-d at times 0, 34sec, 5 min 6 sec, 
8 min 47 sec after raising perfusion pressure. Note diphasic electrical artifact. 


ft than purely osmotic ones. Secondly, since many other receptors are sensitive 
a to acetylcholine (see Gray & Diamond, 1957) there is a possibility that choline 
i“ itself may have pharmacological actions on receptors, including Pacinian 
corpuscles, 


The experiments about to be described were therefore designed to overcome 
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these difficulties; impulses were abolished by including a suitable concentra- 
tion of procaine in all solutions, and osmotic balance was maintained with 
sucrose rather than choline, The use of sucrose resulted in a considerable 
increase in the recording resistance during perfusion, since this non-electrolyte 
passed into the pedicle which lay in the barrier. The methods for correcting 
for this change in recording resistance have already been described (see 
Methods). 
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Text-fig. 4. Sesee potential parameters during perfusion. Abscissa, time (min); ordinate, 
O, amplitude (uV), @, rate of rise (uV/msec). During time indicated by line, Na+ replaced 
by choline. 


The procedure adopted when procaine was used was to perfuse with gradually 
increasing strengths of procaine in normal solution until a concentration was 
reached which just abolished the impulse (Text-fig. 5). The first changes to 
appear were a decline in the rate of rise and amplitude of the impulse and an 
increase in the amplitude of the receptor potential at threshold. Impulse 
activity was completely abolished by a concentration that varied, in different 
preparations, from 0-0125 to 0-075 °%. This concentration was then used in all 
subsequent solutions perfused through the preparation. The evidence available 
suggests that procaine in these concentrations had little effect on the 


_ receptor potential. 


The effects on the maximum receptor potential, recorded from a procainized 
preparation, of perfusing with a solution in which sucrose replaced NaCl, are 
shown in Text-fig. 6. The amplitude and rate of rise declined steadily until 
a constant value was reached in 11-30 min (six experiments, mean 18 min). 
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Text-fig. 5. Responses recorded from a Pacinian corpuscle during perfusion with a solution con- 
taining 0-025% procaine. Upper trace, msec and mechanical stimulus; lower trace, responses. 
Time (sec) from commencement of perfusion is indicated against each record, Stimulus 
strength increased in last record to give a maximum receptor potential. 
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Text-fig. 6. Maximum receptor potential parameters during perfusion (005% procaine in all 
solutions). Abscissa, time (min); ordinate, O, amplitude (nV), @, rate of rise of maximum 
receptor potential (uV/msec). During time indicated by line, NaCl replaced by sucrose. 
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This mean may be compared with that of 65 sec already quoted for the time 
taken for the impulse to disappear; in one preparation from which both values 
were obtained the impulse disappeared in 1 min 45 sec and the receptor 
potential reached a constant value in 11 min. It was sometimes difficult to be 
sure of the size of the potential that remained after this time, since it was often 
little greater than the noise level. A residue was seen, however, in every experi- 
ment in which recovery was subsequently obtained. The smallest residues were 
somewhat less than 10% (Text-figs. 6 and 8), but were sometimes as great as 
a third (Text-fig. 7) of the initial value. It can be seen from Text-fig. 7b that, 
in the absence of Na+, the curves relating receptor potential amplitude and 
rate of rise to stimulus strength are similar to those obtained under normal 
conditions (Text-fig. 7a and Diamond, Gray & Inman, 1958, Fig. 4d); the 
effect of Na+-deficiency is, therefore, to diminish the responses at all values of 
stimulus strength. Perfusion with normal solution after perfusion with Na*+-free 
solution did not always result in the return of the receptor potential amplitude 
and rate of rise to their initial value (Text-fig. 6). The reason for this is 
uncertain, but the degree of recovery was greater when the period of Na*-free 
perfusion was short. For this reason prolonged Nat-free perfusion was avoided 
whenever possible. 


Quantitative relationship between Na+ concentration and the receptor potential 

In three experiments the same preparation was perfused with a number of 
solutions containing different concentrations of Nat. In all these experiments 
the nervous impulse was abolished throughout with procaine, and sucrose was 
used as an osmotic substitute for Na+. The results of one experiment are shown 
in Text-fig. 8 in which the amplitude (open circles) and rate of rise (filled circles) 
of the maximum receptor potential are related to the concentration of Na* in 
the perfusing fluid. Each point in this figure is taken from records obtained 
after perfusing with the appropriate solution for 20 min; after this time it was 
found that no further change in the receptor potential occurred. The procedure 
in this and similar experiments was to follow the initial perfusion with normal 
solution by Nat-free solution, then to perfuse with solutions containing 10, 25 
and 50% of the normal Na+ concentration in that order and finally to repeat 
the perfusion with normal solution. The results plotted in Text-fig. 8 show that 
the amplitude and rate of rise of the maximum receptor potential declined 
with the decreasing Na+ concentration; the reduction of the receptor potential 
was not therefore a threshold phenomenon occurring when the concentration 
of Na+ was reduced to a critical value. The perfusion with several solutions 
of different Na+ concentration necessarily resulted in the receptor being 
subjected to varying degrees of lack of Na+ for a long time. The dependence 
of recovery of the receptor potential on the duration of Nat-free perfusion has 
already been mentioned; it is not surprising, therefore, that the values of 
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Text-fig. 7. Stimulus-response curves, a, normal solution ; b, Na*-free solution. Abscissae, stimulus 
strength in arbitrary units; ordinates, ©, receptor potential amplitude (HY), @, rate of rise 


of receptor potential (V/msec). 
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Text-fig. 8. Relationship of response to [Nat]. Abscissa, [Na*] mm; ordinate, O, maximum 
receptor potential amplitude (% of —_ @, rate of rise of receptor potential (% of initial). 
Further details in text. 
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amplitude and rate of rise of the maximum receptor potential recorded during 
the final perfusion with normal solution (Text-fig. 8) should be only about 
50% of those during the initial one. For the same reason, the graph in Text- 
fig. 8 cannot be taken as indicating the form of the relationship between Nat 
concentration and the parameters of the receptor potential. 


Correlation of histological findings with perfusion results 
‘The final procedure in all experiments was to perfuse the preparations with 


solutions of either indian ink or Berlin blue in order to demonstrate the per- 


fused vessels. These solutions were perfused under conditions identical with 
those existing throughout the experiment except that the stylus of the 
stimulator was removed from the corpuscle to permit microscopic observation 
of the preparation. After this perfusion the preparations were fixed, dehydrated, 
cleared and mounted. One such preparation is shown in Plate 1. The lower 
part of this figure is a composite drawing which was derived from all focal 
planes of the preparation and shows the vessels of the mesentery, those leading 
to and those inside the corpuscle. The upper part of Plate 1, which is a phase- 
contrast photomicrograph of the central focal plane of the same preparation, 


shows capillaries inside the corpuscle, one of which extends to the region where 


the axon is known to lose its myelin (Quilliam & Sato, 1955). Vessels have never 
been seen extending beyond this point. Similar perfusions were made into the 
arteries of two mesenteries, and the distribution of vessels in a number of 
undissected corpuscles was observed. All these showed the same distribution 
of intracorpuscular vessels as was described by von Schumacher (1911) and 
by Sheehan (1933) and was found after successful experiments. In three- 
quarters of our preparations a capillary was seen reaching, but not extending 
beyond, the point at which the nerve fibre enters the central core of the 
corpuscle (e.g. Plate 1); no vessels were seen entering or leaving any corpuscle 
except via the pedicle. The successful perfusion of the central capillary loop 
was associated with relatively rapid changes in the activity of the ending one 
perfusion with various solutions. 

During the perfusion of some preparations with Berlin blue, the solution 
diffused through the capillary walls and spread from the proximal to the distal 
pole of the corpuscle. The whole — was uniformly coloured within 


1-2 min. 


DISCUSSION 
Several hypotheses have been suggested to account for the redistribution of 
charge that occurs across the membrane of the nerve fibre terminal during the 
receptor potential (Katz, 1950; Gray & Sato, 1953; Gray, 1958). Of these, the 


~ most likely seems to be that there is a change in the. permeability of the 


membrane to one or more ion species, allowing ions to move down their 


- electrochemical gradients, thus transporting charge across the membrane. 
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A consequence of this hypothesis is that both the amplitude and rate of rise 
of the receptor potential should be related to the concentration gradient of at 
least one ion species. The polarity of the receptor potential is such that either 
internal anions must leave or external cations must enter the fibre. Sodium 
is the principal cation in extracellular fluids and the electrochemical gradient 
of this ion species has been shown to be large and directed inwards across nerve 
cell membranes. If the permeability hypothesis outlined above were correct 
and involved the Na+ then the amplitude and rate of rise of receptor potentials 
should depend on the concentration of sodium in the external fluid. 

Previous experiments have shown that when muscle spindles of the frog 
(Katz, 1950) and Pacinian corpuscles of the cat (Gray & Sato, 1953) are soaked 
in Na*-free solution, receptor potentials are unchanged although impulses are 
abolished. Gray & Sato (1955) have shown, however, that the movement of 
sodium into Pacinian corpuscles is very slow. This could account for the lack of 
effect on the receptor potential of soaking Pacinian corpuscles in Nat-free 
solutions. The same explanation is probably also true for the experiments with 
muscle spindles, since the time taken for all impulses to disappear is very 
similar in both preparations (ca. 30 min), and the concentrations of procaine 
required to abolish impulses are similar in both instances (0-2-0:5%). The 
present experiments have shown that the impulse disappears in less than 2 min 
when a corpuscle is perfused with a Na+-free solution; furthermore, perfusion 
with a solution containing a concentration of procaine of 0-0125-0-075 % is 
sufficient to abolish the impulse. 

_ It has been shown that the amplitude and rate of rise of the receptor potential 

are related in a graded manner to the concentration of Na+ in the perfusion 
fluid. In some experiments Na+ was replaced by the organic ion choline and 
in others NaCl was replaced by sucrose; the results obtained in all experiments 
were similar, and it is concluded that the effects were due to the absence of the 
Na* per se. The findings are therefore compatible with the hypothesis outlined 
above. If all the charge were carried by Nat, that is, if the change in membrane 
permeability were specific for Nat, then no receptor potential should be 
generated in the absence of Na+; in these experiments however, a residue, often 
about 10%, of the potential found with Nat present has been consistently 
observed. This residue is comparable with that fraction of the depolarization 
of the motor end-plate, induced by acetylcholine, that persists in a Nat-free 
solution (Fatt, 1950; Nastuk, 1953). There is evidence that at the motor end- 
plate this residue represents a contribution by other ions to the total quantity 
of charge transported. A similar explanation is likely for the results obtained 
from the Pacinian corpuscle, but it is possible that the residue is due to a small 
and steady concentration of sodium being maintained in the extracellular fluid 
through movement of the ion from either the interlamellar spaces or from the 
bathing fluid. We have observed, however, that ainsi blue passed rapidly 
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into the interlamellar spaces and it is therefore probable that Na+ would be 
eliminated from these spaces as rapidly as from the central core. Another 
pathway along which Na+ might enter is from the bathing fluid via the con- 
nective tissue sleeve around the nerve fibre (Quilliam & Sato, 1955). This 
explanation can also be rejected; the rapid disappearance of activity at the 
nodes of Ranvier lying in the pedicle indicates that the Na+ concentration in 
this region dropped to a very low value before any effect on the receptor 
potential could be observed. 

The time taken for a Nat-free solution to abolish all impulse activity 
(usually less than 2 min) was very much less than that required to reduce the 
receptor potential to a constant value (11-30 min). Since a nerve impulse is 
not abolished till the concentration of Nat in the external fluid falls to about 


5% (Huxley & Stampfli, 1951), it can be concluded that impulses and receptor 


potentials do not occur at the same site. Diamond, Gray & Sato (1956) con- 


cluded that the impulse is initiated at the first node of Ranvier. The present — 


results provide strong evidence in support of this conclusion since the capillary 
bed lies in close proximity to the myelinated nerve fibre, while the non- 
myelinated terminal lies in a non-vascular region. It seems possible that a 
similar distinction between the sites of receptor potential and impulse occurs 
in the musele spindle, since Katz (1950) was able to abolish impulses, but was 


unable to affect the receptor potential of thisending, by bathing the preparation 


in Na*+-free solutions. 

Another hypothesis proposed by Katz (1950) to explain receptor potentials, 
but thought unlikely by him, was that the membrane capacity was increased 
while the total charge remained unchanged and thus caused a fall of membrane 


' potential. Such a mechanism would be unlikely to be affected by Nat 


concentration, since this ion has little, if any, influence on the resting potential 
of the nerve cell. 


It is concluded that Na* is essential for the production of full-sized receptor 
potentials in Pacinian corpuscles, and that it probably transports charge 


across the membrane of the non-myelinated terminal of the nerve fibre. It is 
also likely that other ions transport some of the charge. 


SUMMARY | 
1, A technique is described for the perfusion of the Pacinian corpuscle 
through its arterial supply whilst recording electrical activity from the receptor. 
2. Perfusion with a Nat-free solution, using either choline chloride or 
sucrose as an osmotic substitute, abolished the nervous impulse in less than 
2 min ; the maximum receptor potential was reduced in 11-30 min to a constant 
value, usually ca. 10% of the initial one. These effects were reversible. 
3. The amplitude and rate of rise of the maximum receptor potential was 
related to the concentration of Na* in the perfusion fluid. 
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4. It is concluded that the receptor potential probably results from a 
transport of charge by ions across the non-myelinated terminal membrane; 
Na+ carries most of the charge but other ions probably contribute. 

5. The times required for Na+-free solutions to be effective, considered in 
relation to the distribution of capillaries in the Pacinian corpuscle, support an 
earlier conclusion that the nerve impulse is initiated at the first node of 
Ranvier, and that the receptor potential is generated in the non-myelinated 
terminal. 
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| EXPLANATION OF PLATE | 
Capillary bed of Pacinian corpuscle injected with indian ink: a, phase-contrast photomicrograph 
of the central plane; 6, composite drawing derived from all focal planes. 
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Mammalian cellulose. By D. A. Hatt and H. Saxt. Pec ssoeemes of 
Medicine, The General Infirmary, Leeds | 


The prevention of experimental atherosclerosis in the chicken by 
the enzyme elastomucase. By J. W. Czerxawsxi, D. A. Hai 
and H. Saxt. Department of Medicine, The General Infirmary, Leeds 


Medullary potentials following stimulation of the orbital cortex. 


By P. P. Newman and J. H. Woustencrort.. Department of Physiology, 
School of Medicine, University of Leeds 


Responses of muscle from Mytilus edulis to drugs. By G. W. 
Campripce and J. A. Hoteate, Department of Physiology, School of 
Medicine, University of Leeds } 

Observations of the actions of drugs on the anterior retractor muscle of the 

byssus of Mytilus edulis have been previously reported (Cambridge & Holgate, 

1955). These actions were studied against a background of tonic contraction 

produced by electrical stimulation. Consistent response of this muscle to drugs 

alone can be obtained if care is taken to control the experimental conditions; 
techniques for this will be demonstrated. The muscle is set up under conditions 
of superfusion in sea-water at 10°C using isometric or isotonic recording. 

Under isometric conditions the relaxant effect of 5-hydroxytryptamine in a 

concentration as low as 5x 10-!° g/ml. can be reproduced repeatedly when 

tested against an ACh-induced contraction. The effects of some ‘artificial sea 
waters’ on the responses of this preparation will be illustrated. 


REFERENCE 
Cambridge, G. W. & Holgate, J. A. (1955). J, Physiol. 180, 22P. 
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A method for recording contractions of isolated muscle alternately 
under isotonic and isometric conditions. By G. W. Camsrincr 
and J. A. Horeate. Department of Physiology, School of Medicine, 
University of Leeds 

The thread from the muscle under investigation passes over a pulley (A) to be 

wound twice round a second pulley (B) of diameter 14 mm. The thread is then 

attached to a coil spring (D) with linear length/tension characteristics. At the 
lower end of the spring is hung a ferro-magnetic weight which is suspended over 


Cc 


an electromagnet (H). The spring is selected for the particular type of muscle . 


under investigation so as to give an extension of about 1 mm for the maximal 
tension developed by the muscle. Pulley (B) is fixed to a pulley of 98 mm 


diameter (C’)—all pulleys being made from Perspex, drilled for lightness and ~ 


balance and ball-race mounted. Pulley (C) carries a fixed thread to which is 
attached two rods of soft iron, each of 3 mm diameter, one being 15 cm and the 
other 3 cm long. To the other end of the thread is attached a further soft iron 
rod to counter-balance the other pair. The two soft iron rods run through the 


glass tube formers of a pair of double-wound coils (F and @), each of the same _ 
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beigth as its appropriate rod. The 15cm coil is a single layer winding of 
40 s.w.g. enamelled copper wire, while the 3 cm coil is a double layer winding 
of 42 s.w.g. wire. The primary winding of each coil is fed from an oscillator 


with a sinusoidal voltage at 3-5 kc/s at a controlled output. This system is — 


a modification of that described by Bell (1954). 

The induced current from the secondary windings, linearly proportional to 
the volume of the soft iron core inside the coil over its central portions, is fed 
into a R/C coupled amplifier. The amplified voltage after half-wave rectifica- 
tion is fed into a power valve, the output from which drives a d.c. recording 


milliammeter (Evershed & Vignoles). This —— gives a linear relationship 


between input mV and output mA. 

Under isotonic conditions a pull of 0-5 g on the thread from the muscle is 
sufficient to move the system. The contraction of the muscle is amplified 
sevenfold by the pulley system and the magnitude of such contraction 
recorded from the output of the secondary winding of the longer coil. For the 
recording of isometric contraction current is fed into the electromagnet so that 
the pull of the muscle is against the coil spring. A relay (#), in parallel with 
the electromagnet, switches the oscillator to the primary winding of the shorter 

‘coil and the output from the secondary winding of this coil is recorded on the 
milliammeter. | 
REFERENCE 
Bell, P. M. G. (1954). J. Physiol, 125, 9-10P. 


The alveolar CO, plateau and respiratory manoeuvres. By P. W. 
RaMWELL. Department of Anaesthesia, School of Medicine, University of 
Leeds | 


A fast-response infra-red CO, analyser* has been employed to record CO, 


_ tensions in expired air. The analysis of an expiration shows: (i) a short hori- 
zontal trace due to the passage of gas from connecting tubes and anatomical 


dead spaces, (ii) a sigmoid curve caused probably by gas from the alveolar- 
bronchiolar junction, and (iii) a aopine plateau which is representative of the 
expired ‘alveolar’ air 

It is generally recognized that the slope of the alveolar plateau may be 
modified by exercise, breath-holding, hyper-ventilation and modifications of 


_ the venous return by pneumatic cuffs on the limbs, etc. Under certain circum- 


stances, nearly all healthy subjects are capable of modulating the plateau with 
a pronounced ripple due to the action of the heart in ventilating adjacent lobes 
of the lung during expiration. — 


* Model SC, Infra Red Development Company. 
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Various respiratory manoeuvres affect the slope of the plateau: (i) if the 
breath is held from the end of inspiration for about 7 sec and then expired, 
a gradually sloping plateau is obtained whose slope is characteristic of the 
breath-holding time; (ii) if a marked expiratory effort is made during breath- 
holding the alveolar plateau on expiration begins at a lower CO, tension than 


“Sar 


Fig. 1. The effect of previous respiratory manoeuvres on the CO, plateau of expired air. 
(i) After 7 sec breath-holding. (ii) After 7 sec of expiratory effort during breath-holding. 
(iii) After 7 sec of inspiratory effort during breath-holding. 


in the usual breath-holding, rises very steeply and then abruptly changes to 
a gradual slope; (iii) if during the breath-holding a marked inspiratory effort is 
made, then on expiration the plateau rises almost immediately to its maximum 
value and it is quite flat to the end of the expiration. ae cee 


The cost of the equipment was defrayed in part by the Medical Research Council. — 


A hydraulic pressure wave generator. By R. J. LINDEN. Department 
of Physiology, School of Medicine, University of Leeds 


An expression of the capabilities of membrane manometers used to record 
blood pressure should include a measure of their response to sine wave and 
square wave changes in pressure. 

The simple pressure wave generator demonstrated may be used to obtain — 
this information. It consists of a cylindrical chamber to one end of which is 
secured a metal membrane; the cannula of the manometer system to be tested 
is connected to the other end of the chamber. A barium titanate strain gauge 
(G.E.C. Ltd.) is fixed (using Durofix, Rawlplug Co. Ltd.) to the surface of the 
membrane, Barium titanate is a ceramic material with piezo-electric proper- 
ties; sine wave pressure changes are set up in the chamber by sine wave 
changes in voltage across two surfaces of the strain gauge. The advantage of 
this method of producing pressure changes is that the construction of the 
instrument can be based on the manometer theory of Frank (1903) and on 
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formulae which indicate the behaviour of circular metal plates under stress 
(Roark, 1943); the effective mass, modulus of elasticity and natural frequency 
therefore may be calculated. 
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Fig. 1. Response of a low frequency (32 c/s) manometer system to: A, sine wave pressure changes; 
and B, to square wave pressure changes. Records from above downwards: A, time, response 
of a manometer system to sine wave pressure changes, output of electronic sine wave 
generator; B, time, response of manometer system to square wave pressure changes. 


The combined generator-manometer system behaves as a single-degree-of- 
freedom system (as does the membrane ™enometer system alone) and the 
natural frequency of the combined system may be calculated from the formula: 


where F, and E, are the moduli of elasticivy, and M, and M, are the effective 
masses of the manometer and generator. The magnitude of the effective mass 
of the pressure wave generator is insignificant. Therefore, to estimate the 


natural frequency of a manometer system, the modulus of elasticity of the 
c2 
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pressure generator must be small in relation to that of the manometer system. 
From the above formula it may be calculated that if the modulus of elasticity 
of the generator is not greater than 2% of the modulus of elasticity of the 
manometer system then the resonant frequency of the combined generator- 
manometer system will be within 1% of the resonant frequency of the mano- 
meter system alone. 

Fig. 1 shows records obtained using a pressure wave generator coupled to 
a low frequency manometer system. In Fig. 1A the frequency of the sine 
wave pressure disturbance was progressively increased to a frequency beyond 
the resonant frequency of the manometer. From records similar to those in 
Fig. 1A, but in which the frequency of the pressure variation is increased in 
steps, it is possible to obtain the ‘flat response’ and the resonant frequency of 
the manometer system. From records similar to those in Fig. 1B, obtained 
from a manometer to which square wave pressure changes were applied, the 
damped natural frequency and the degree of damping may be calculated. 
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Nervous structures in the mammalian atrial wall. By R. L. Hous. 
Department of Anatomy, University of Leeds* — 


Nervous structures are found in all layers of the atrial wall of the mammalian 
heart. Numerous bundles of nerve fibres and associated groups of ganglion cells 
lie in the epicardial connective tissue. Many nerve fibres enter the myocardial 
layer, especially accompanying blood vessels, and some are closely associated 
with muscle fibres. Thick myelinated fibres pass to the innermost layers of the - 
wall, where they branch in the subendocardial connective tissue. At the ends 
of these branches the thick fibres lose their myelin sheath and divide into a 
number of fine filaments, which are accompanied by darkly staining elements, 
probably sheath in nature. The whole forms a complex end-formation. Such 
formations tend to occur in groups associated with branches of a single original 
fibre. Their distribution is limited to those zones of endocardium around the 
junction of the great veins with the atria; they have not been found in other 
parts of the wall. It seems probable that, these structures are receptor in 
function (Coleridge, Hemingway, Holmes & Linden, 1957). 

A second structure of widespread distribution throughout the endocardium 
both of atria and ventricles consists of a fine network of fibres and areociated 


* Present address: Department of Anatomy, University of Birmingham. 
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cells. No certain function can at present be ascribed to this, and its nervous 
nature has been queried by some workers. 

Both the end-formations and the network can be demonstrated either in 
silver-impregnated sections of the heart wall or in thicker preparations stained 
by vital methylene-blue techniques (Holmes, 1957). The endings are large 
and somewhat flattened structures, some reaching 350 in their greatest 
diameter, which is in a plane parallel to the endocardial surface. On this 
account they are most readily demonstrated by sections cut tangentially to 
the latter. They occur in the hearts of dogs and cats, although they differ in 
structural detail in these two animals. In rodents (rabbit, guinea-pig and rat) 
similar types of endings can also be demonstrated, although these are smaller 
and of a simpler pattern. The networks have been found in all the species 
studied. 

Both the thick fibres and their endings as well as the fine-fibred network show 
marked cholinesterase activity. The enzyme is predominantly of the non- 
specific or pseudo type (Holmes, 19576), which is known to occur in a variety 
of tissues, for example smooth and cardiac muscle. It is, however, constantly 
found associated with nervous elements. The fact that the staining properties 
of the network are similar to those of known nervous tissues, and that it 
contains a high concentration of cholinesterase, suggests that it is nervous in 


nature. 
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- Experiments with a true ‘adrenergic blocking’ agent. By W. A. 
Barn, R. K. Dutra, R. Fretpen and G. L. Wittey. Department 
Pharmacology, School of Medicine, University of Leeds 


A field-locating device for microscope slides. By C. N. Eneianp. 
Department of Physiology, School of Medicine, University of Leeds 


A transistorized audiocardiotachometer. By A. GraNnce and 
P. W. Ramwext. Department of Anaesthesia, School of Medicine, 
University of Leeds 


Impulses in the cervical vagus from atrial receptors in the dog. — 


By J. C. G. Coneriper, A. Hemineway and R. J. Linpen. Department 
of Physiology, School of Medicine, University of Leeds 


c3 


4 
1 
i, 
+ 
iG 
if 
3 4 
> 
é 
id 
4 


48 P PROCEEDINGS OF THE PHYSIOLOGICAL 


The blood supply to the brain of the cat. By R. L. Ho.mszs, 
P. P. Newman and J. H. Wotstencrort. Departments of Anatomy and 
Physiology, School of Medicine, University of Leeds 


A fall of blood pressure produced by direct heating of the carotid 
- blood in the decerebrate cat. By P. P. Newman and J. H. 
Wotsrencrort. Department of Physiology, School of Medicine, University 

of Leeds 


Plain-muscle stimulants in endometrial curettings and menstrual 

fluid. By P. L. and V. R. Pickies. Department of Physiology, 
University of Sheffield 

A slowly-acting stimulant of plain muscle can be extracted from human 

menstrual fluid by means of lipid-solvents. The release of such a substance into 

the circulating blood may hypothetically be the cause of the generally high 

activity im vivo of intestinal and uterine plain muscle during menstruation 

(Pickles, 1957). Three further facts are now reported. 


A Cc D E 


Fig. 1. Strip of human myometrium, age 41, suspended in Locke’s solution. A, D, Pitressin 
(Parke, Davis) 0-04 u.; F, Pitressin 0-02 u.; B, menstrual extract; C, 2H, endometrial 
extract; tissue washed where shown by white dots. The quantities of the extracts used 
contain between 1/500 and 1/1000 of the activity extractable from the whole single specimens 
of menstrual fluid or curettings. Time marker 1 min. 


(1) Endometrial curettings, extracted in the same way as the menstrual 
fluid, show the same type of activity. It is therefore very unlikely that the 
active principle in the menstrual fluid is formed in the vagina after the 


. endometrium has been shed. 

_ (2) The lipids of both menstrual fluid and endometrial curettings have been 
fractionated by a chromatographic method described by Fillerup & Mead (1953) 
for plasma lipids. The activity of both the menstrual and the endometrial 
lipids i is found mainly but not entirely in the fraction which, when the method 
is applied to plasma, contains the phospholipids. 

* Jobn Stokes Research Fellow. 
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(3) In addition to the animal tissues previously used, strips of excised non- 
gravid human myometrium contract in response to the extracts (Fig. 1). 
It seems likely therefore that the human endometrium contains a principle 


that in appropriate circumstances can stimulate contractions of the. 


myometrium. 
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Neural ‘dark noise’ and retinal quantum -events. By F. H. C. 
Marriott*. University Laboratory of Physiology, Oxford 


_ With any retinal ganglion cell there is associated a group of receptors in the 
retina, and the discharges in the cell are determined or influenced by the visual 
events—namely effective quantum absorptions or equivalent spontaneous 
excitations, if any—in these receptors. Making a simple hypothesis, which 
may apply to some of these cells, suppose a particular cell is associated with 
a group of receptors in which there is a mean of k visual events, occurring at 
random, per unit time, and suppose that a spike occurs whenever a events 
have taken place in the receptors. Then it may be shown from the theory of 


statistical distributions that the frequency function of the time intervals 


between successive spikes will be: 
e-*/T(a) (0<t< 0). 

This is precisely the distribution fitted empirically to the time intervals 
between successive spikes in retinal cells in steady conditions of light or 
darkness by Kuffler, Fitzhugh & Barlow (1957). The derivation above suggests 
that the parameters k and a of the distribution may be interpreted respectively 
as the number of events per unit time in the associated receptors and the 
number of events needed to produce a spike. This derivation does not account 
for the observed negative serial correlation between successive intervals, but 
this is a fairly small effect and could probably be explained by a further 
assumption about the effect of two spikes within a very short time; if the 
derivation of the distribution suggested is correct, such an effect would not 
much alter the estimates of the parameters k and a. 

On this basis, the results of Kuffler et al. give a mean of 159 and 70 events 
per second in the dark-adapted units they investigated. The authors suggest 
that the spikes observed under these conditions are generated by the dark 
noise in the units, which are probably of the order of 1 mm in diameter 
(Barlow, Fitzhugh & Kuffler, 1957). On the assumption that noise is the 
— factor in human visual performance, Barlow (1957) suggests a noise 
. * Nuffield Foundation Biological Scholar. 
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level of 1000 events per square degree per second at the cornea; assuming that 
10% of the light incident on the cornea acts on the retina, this corresponds to 
927 events per second in a circle of 1 mm diameter on the retina. 

The discrepancy between these results is perhaps not surprising in view of 
the possible errors in the calculations and the fact that two different animals 
are involved. The lower values obtained from the more direct electro-physio- 
logical measurement do, however, cast some doubt on the theory that noise 
is the limiting factor in human visual performance. 
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The boiling of tissue fluids at low barometric pressures. By 
J. Ernstinc, R. E. Nacue and D. J. Parry. R.A.F. Institute of 
Aviation Medicine, Farnborough, Hants 


- Vaporization of tissue fluid is to be expected when the water vapour pressure — 


exceeds the sum of the barometric pressure and the tissue pressure. 

Six subjects have been exposed to simulated altitudes in excess of 65,000 ft. 
(barometric pressure—42 mm Hg). The alveolar oxygen tension was main- 
tained by high pressure breathing employing a pressure helmet and counter- 
pressure to the trunk, and’ upper and lower limbs, excluding the hands and 
feet. Gross venous distension was observed, together with a generalized puffy 
swelling of the dorsum of the hand resembling surgical emphysema, which 
appeared within 10-15 sec of the exposure and was maximal within 30-45 sec. 
The swelling disappeared rapidly when the pressure around the hand was 
increased to a value greater than 47 mm Hg absolute. 

Radiological studies were made of the hands of three subjects. Each subject 
was exposed to asimulated altitude of 40,000 ft. with one hand in a Perspex box, 
the pressure in which was further reduced to 25 mm Hg absolute (76,000 ft.). 

The radiographs demonstrated that the swelling of the hand was due to gas. 
‘There was no gross impairment of function of the hand one the exposure 
and no detectable abnormality on recompression. __ 


The influence of hydrocortisone upon phosphate metabolism in 
muscle, By J. N. Mitus and 8. Tuomas. Department of Physiology, 
University of Manchester 


We have shown previously that intravenous hydrocortisone causes a dis- 
appearance of inorganic phosphate from plasma (Mills & Thomas, 1957). 
Collection of blood from a deep muscle vein by the technique of Mottram (1955) 
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has now shown that the disappearance occurs largely or wholly while the 
blood traverses skeletal muscle. In some experiments phosphate concentration 
has been determined in plasms and in others in whole blood; concentrations 
in both are similar. 

Initially, there was always a positive A-V difference across muscle of 
0-02-0-15 mm (11 experiments). When blood or plasma phosphate concentra- 
tion was falling steeply after an 1.v. injection of 100 mg hydrocortisone, this 
difference was greatly increased in five of six experiments, reaching 0-115- 
0:23 mm; in the sixth the initial A-V difference was very large. 

If one assumes fairly rapid equilibration between extracellular fluid (e.c.f.) 
and blood the rate of fall of phosphate concentration indicates the rate of 
disappearance from e.c.f. The A-V difference across muscle multiplied by 
muscle blood flow indicates the rate of disappearance while the blood traverses 
muscle, If one assumes normal average values for e.c.f. volume and muscle 
flow our findings indicate a rate of loss of phosphate from e.c.f. of 47-117 pmole/ 
min; the disappearance while traversing muscle amounts to 78-169 nmole/min, 
that is, more than the total disappearances from e.c.f. If one allows for the 
initial A-V difference across muscle before hydrocortisone injection, muscle 
can still account for a disappearance of 42-123 nmole/min, or 80-190 % of the 
total phosphate disappearance. 

It is not known whether the disappearance of inorganic phosphate during 
the passage through muscle represents actual net uptake by muscle or con- 
version to an esterified form which reappears in the issuing blood. 
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Competition between the enantiomorphs of methionine and 
histidine during intestinal absorption. By E. Lesty Jervis and 

D. H. Suytu. Department of Physiology, University of Sheffield. 
Wiseman (1955) has shown that the active transfer of L-histidine by an in vitro 
intestinal preparation is inhibited by t-methionine. Experiments were under- 
taken to investigate whether a similar inhibition could be shown in in vivo 
experiments, and also whether this competition involved the D-enantiomorphs. 
White rats were anaesthetized with pentobarbitone sodium, and the pro- 
cedure was that described by Jervis, Johnson, Sheff & Smyth (1956), by means 
of which it is possible to study the absorption of substances from the intestine 
for two periods in the same animal, Only one amino-acid enantiomorph was 


present during the first period and its rate of absorption was compared with 


the rate during the second period when another amino-acid enantiomorph was 
present at the same time. The p- and L-enantiomorphs of histidine and 
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methionine were used, and all combinations of these were studied except the 
p- and the L-enantiomorph of the same amino acid. 

The results confirmed those of Gibson & Wiseman (1951) in showing that 
the t-enantiomorphs of both histidine and methionine were absorbed more 
rapidly than the corresponding D-enantiomorphs. As regards competition, it 
was found that the average rate of absorption of a 20 mm solution of L-histidine 
in the presence of 20 mm t-methionine was only about 40% that of a 20 mm 
solution of i-histidine alone, while L-histidine had only a very slight effect on 
absorption of t-methionine. The average rate of absorption of 20 mm D-histi- 
dine in the presence of 20 mm L-methionine was only about 25% of that of 
p-histidine alone. p-Histidine had no effect on the absorption of D- or L- 
methionine, and p-methionine had possibly a small effect on the absorption 
of L- and D-histidine. 

Since these results were obtained Hird & Sidhu (1957) have also shown by 
in vivo methods the inhibition of L-histidine absorption by L-methionine, and 
our results are a further confirmation of the inhibition of L-histidine by 
L-methionine shown by Wiseman in vitro. Of great additional interest is the 
fact that competition between D- and L-enantiomorphs is possible. The experi- 
ments of Wiseman (1953) had clearly demonstrated that absorption of a 
number of L-amino-acids was an active process in that they could be moved 
against a concentration gradient, but there was no reason to think that any 
process other. than diffusion was concerned with the absorption of D-amino 
acids. It now seems that this purely passive transfer of D-amino acids is 
unlikely, and that they share at least part of the mechanism for movement of 
L-amino acid. Thus there could be two stages in the absorption of L-amino 
acids: (1) a stage where the mechanism is common to the D- and L-enantio- 
morphs, and (2) a stereochemically specific mechanism which is able to achieve 
preferential transfer of the L-enantiomorphs. 
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The renal effects in conscious dogs of infusion of adrenaline. By 


W. J. O'Connor. apa of Physiology, School of Medicine, University 
of Leeds 3 


The most prominent effect on renal function of infusion of adrenaline in 
conscious dogs was reduction in the rate of excretion of sodium. This effect 
was produced by infusions at 0-1 yg/kg/min or more, but such doses always 
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produced an increase in heart rate of 25-60 beats/min. Noradrenaline also 
reduced excretion of sodium, but doses of more than 0-15yug/kg/min were 
_ required and always produced an increase in arterial blood pressure and a fall 
in heart rate. 

If the existing rate of excretion of sodium was high following the administra- 
tion of 0-9% sodium chloride, adrenaline caused sodium excretion to decrease 
by means of a decrease in the volume of the urine without decrease in the 
urinary sodium concentration; if the rate of excretion of sodium was low 
(below 0-02 m-equiv/min) decrease by adrenaline was due to a fall in the 
urinary sodium concentration without large decrease in the volume of the 
urine. Potassium excretion was always decreased and there was usually a 
small decrease in the rate of excretion of urea. The rate of urine flow in water 
diuresis was decreased by adrenaline. 

The decreased renal excretion produced by adrenaline thus had charac- 
teristics similar to the increased excretion produced by ingestion of 0-9% 
sodium chloride (O’Connor, 1958a@) or by occlusion of both carotid arteries 
(O’Connor, 19586). This similarity suggests that the effect of adrenaline may 
be explained as due to a fall of 3-5% in glomerular filtration. 
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5-HT in plasma. By G. W. Camprince and J, A. Hoteate. Department 
of Physiology, School of Medicine, University of Leeds | 


Determination of the true amount of 5-hydroxytryptamine (5-HT) in circula- 
ting plasma is only possible when the blood is handled in such a way as to avoid 
platelet damage. This has usually been achieved by using silicone-treated 
equipment and an anticoagulant. Disodium ethylene diamine tetraacetate 


(Versene) has often been used, but the reasons for its selection have not been _ 


made clear. Holgate (1953) examined the effects of anticoagulants on the 
release of constrictor activity in rabbit blood. He found that the 5-HT-equi- 
valent in heparin plasma was high, whereas the amounts in other plasmas 
varied with the Ca*+-binding ability of the anticoagulants, Versene being the 
most effective in preventing platelet break-down. Similar findings were sub- 


sequently reported by Toh (1956), who found the 5-HT content of ox plasma — 


to be 60, 30 and 0 ng/ml. using heparin, heparin-citrate and heparin-Versene 
respectively; these findings point to the unsuitability of heparin for the 
_ prevention of 5-HT release. 

_ We have found plasma values of less than 10.ng/ml. in Versene plasma from 
_ dog blood, the serum values being 280 ng/ml. The use of Versene has the 
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disadvantage that if present in excess it will remove Ca** from the fluid bathing — 
the assay preparation causing, for example, a depression of the response of 
the rat colon. Accurate titration of the excess Versene with CaCl, is necessary, 
but is difficult after extraction of the plasma since the amount of Versene in 
the extract is not precisely known, and excess Ca** “_ induce spontaneous 
activity in the preparation. 

Plasma may also be rendered incoagulable by treating the blood with a 
suitable ion exchange resin which will remove Ca*+ (Zeo-Karb 225) but this 
resin retains platelets (Dillard, Brecher & Cronkite, 1951). 

Ideally the plasma should be separated without anticoagulants. Using 
a polythene catheter and centrifuging in polythene ‘centrifuge tubes at 4° C and 
3800 g dog plasma was obtained in which the 5-HT levels were 2-5 ng/ml. The 
serum levels were 280 ng/ml. which is likely to be less than the total 5-HT in the 
blood and 5 ng/ml. would thus represent about 2% of the total; this is of the 
same order as that expected to leak out of platelets under ‘physiological 
conditions’ (Zucker & Borrelli, 1956). It has not proved possible to take 
repeated samples by this catheter technique owing to fine clot formation and — 
the best technique for preparing anticoagulant-free plasma would appear to 
be that described recently by Armin & Grant (1957). 
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Pulmonary diffusing capacity at rest and physical fitness. By 
A. QO. Hernonen, M. J. Karnvonen and R. Ruosteenosa. Institute of 
Occupational Health, Helsinki, Finland 


The purpose of this investigation was to throw light on the problem of een 
the resting diffusing capacity of lungs is dependent on the circulatory fitness 
as measured by pulse rate during standard exercise on a bicycle ergometer. 

The subjects were forty-three healthy males, whose age range was from 
20 to 38 years, The subjects were selected so that they represented a wide range 
of degrees of physical fitness, from untrained clerks to well trained students 
of physical education. 

The diffusing capacity (D;) at rest was measured by using the modified 
Krogh breath-holding technique described by Forster, Fowler, Bates & van 
Lingen (1954) and Ogilvie, Forster, Blakemore & Morton (1957). With slight 
ee the method abs to be very reliable. The vital capacity, its 
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subdivisions and the maximal breathing capacity were measured by using 
a Collins respirometer and the residual air with a closed-circuit helium method. 
When the diffusing capacity at rest D, was — to pulse rate during 
exercise, the following results were obtained: 
With a load of 10 kg.m/sec, the diffusing Gapauty showed a significant 
negative correlation with the pulse rate: 
(1) Dz, =56-5 —0-24 x pulse rate (P=0-001). 
With a load of 15 kg.m/sec, the regression equation is: 
(2) Dy,, =60-2 —0-23 x pulse rate (P =0-001). 


When the age of the subjects was also considered, the following regression 
was obtained, with the 15 kg.m/sec exercise pulse: 


(3) Dy, =62°6—0-16 x pulse rate —0-42 x age years (P=0-001). 
Correlations were also calculated between the D, and the body surface 


area as well as the measured ventilatory functions. 
It is suggested as a working hypothesis that the increase of D,,, with an 


improved ‘fitness’ of the circulatory system may be due to a larger functioning 
pulmonary capillary bed and larger pulmonary blood volume in trained 

subjects. 
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Location of a heat-sensitive region in the medulla. By R. L. Hotmss, 

P, P. Newman and J. H. Woustencrort. Departments of Anatomy and 
Physiology, School of Medicine, University of Leeds 

Previous experiments (Newman & Wolstencroft, 1957) have shown that direct 

heating of the medulla produced a fall in arterial blood pressure when a critical 

temperature (about 41° C) was reached. The region of the medulla concerned 

in this response has been investigated. 

The ventral surface of the brain stem was exposed in. cats anaesthetized 
with sodium pentobarbital (45 mg/kg). Using a stereotaxic instrument, a 
heating electrode connected to the output of a high-frequency oscillator was 
inserted into the pons or medulla. The blood pressure and respiration were 
recorded during heating at different electrode positions. 

Respiratory stimulation and depression of blood pressure were most marked 
when the electrode was deep to the caudal half of the trapezoid body or in 
; the adjacent part of the upper medulla. The increase in respiration began — 

immediately on heating, but the fall in blood pressure did not begin until the 
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local temperature was raised 2-3° C. Weaker responses were obtained as far 
rostral as the caudal pons. 

After each experiment the brain stem was fixed im situ by immersion in 
10% formalin, embedded in celloidin or paraffin, and serial sections cut at 
25-100. Analysis of the electrode positions was then made. It was found 
that in those positions which had given the most marked effects, the heating 
electrode had entered the nucleus reticularis gigantocellularis, or the caudal 
part of the nucleus reticularis pontis caudalis, a cellular zone lying rostral to 
the giant-celled nucleus and poorly delimited from it (Brodal, 1957). Such 
positions lay between the levels of the nucleus of the 6th nerve and the nucleus — 
ambiguus. Weaker responses were observed when the electrode was placed 
more rostrally in the nucleus reticularis pontis. 

It is suggested that heat-sensitive structures are present in a limited region 
of the reticular formation in the rostral medulla. These structures respond to 
a rise of temperature by stimulating respiration and causing a fall of blood 
pressure. 
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Distribution of histamine, 5-hydroxytryptamine, tetramethyl- 
ammonium, and other substances in coelenterates possessing 
nematocysts. By A. P. Maruias, D. M. Ross and M. Scuacurer. 
Departments of Biochemistry, Zoology and Physiology, University College 

The distribution of pharmacologically active substances was studied in four 

species of sea anemones and in a single specimen of a Portuguese man-of-war. 

The animals were frozen quickly, dissected into various components, and freeze- 

dried for later extraction. : 

Sea anemones 


Histamine. The highest concentrations of histamine, 50-135 ug/g freeze- 
‘dried tissue, were found in the tentacles of Actinia equina; the remaining 
structures of this species contained 30-40 ug/g. Tentacle and other tissues of 
Anemonia sulcata contained 20-25 and 5-l0yug/g respectively. Calliactis 
parasitica and Metridium senile contained little or no histamine — <2yg/g. 

5-Hydroxytryptamine. Significant amounts of 5-HT were found only in 
C. parasitica, and by far the highest concentration was in the tissues of the 
coelenteric cavity, viz. 500-600 ug/g freeze-dried tissue. The outer layer of the 
body wall contained 15-35 ug/g and tentacle yielded only 5-15 Isolated 
acontia contained 20ug/g, hence the high concentration of 5-HT in the 
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coelenteric organs is not associated with the acontia. Since the tentacles and 
acontia contain by far the highest concentration of nematocysts, it is unlikely 
that 5-HT is associated specifically with these stinging organs. 

Tetramethylammonium and a potent unidentified substance. A. equina con- 
tained substances producing marked contracture of the isolated frog rectus 
abdominis muscle. First, a dialysable substance, soluble in alcohol, which 
was pharmacologically and chemically indistinguishable from tetramethy]- 
ammonium ; tentacle and body of A. equina contained approximately 2000 and 
1000 tetramethylammonium respectively. Secondly, a non-dialysable 
substance, insoluble in alcohol and inactivated by chymotrypsin, which pro- 
duced a marked, prolonged contracture of the frog rectus abdominis muscle. 
The concentration of this substance also was approximately twice as great in 
tentacle as in the remainder of the animal. Very similar, probably identical 
substances were found in the tissues of A. sulcata in somewhat lower 
concentrations. 

a-Picolinic acid N-methyl] betaine (homarine) has been tentatively identified 
in A, eqguina, where it is present in very high concentrations. Acetylcholine 
and urocanylcholine (murexine) could not be detected in any of these 
preparations. | | 

Portuguese man-of-war 
Extracts of tentacle were extremely toxic on injection to guinea-pigs, rats 


and rabbits. Histamine and 5-HT are insignificant factors in this toxicity 


since tentacle contained little or none of these substances, <1 g/g. Tentacle 
did, however, contain substances producing contracture of the frog rectus 
abdominis muscle; one activity soluble in alcohol, the other insoluble. These 
substances have not yet been identified. ne 


Changes in oxygen consumption with age in piglets during the 
first week of life. By L. E. Mount. A.R.C. Institute of Animal 
Physiology, Babraham, Cambridge 

Piglets during the first day of life have an oxygen consumption of about 

9 ml./kg.min at an environmental temperature of 35-37° C, rising to 25-30 ml./ 

kg.min at 20°C (Mount, 1958). Piglets of the same breed (Large White), 

but aged 1-6 days, show corresponding consumption approximately 50% 

greater than this, when observed under similar conditions. These higher levels 

are evident during the second day of life, and are not altered by further 
increase in age up to 6 days. The metabolic rate is approximately 140 kcal/ 
kg.day, corresponding to an oxygen consumption of 20 ml./kg.min at an 

environmental temperature of 30° C. 


REFERENCE 
Mount, L. E. (1958). J. Physiol. 142, 37 P. 


2 
i 
2 
% 
i 
iA 
é 


58 P PROCEEDINGS OF THE PHYSIOLOGICAL 


The effects of a low sodium diet on the water and electrolyte 
content of the rat kidney. By R. F. Crampton and D. M. Matruews. 
Department of Physiology, University of Birmingham 

Measurements of sodium, potassium, total water and inulin space in the 

morphological zones of the kidneys of rats fed a low sodium diet are presented 

in Table 1. Similar data from rats on a ‘normal’ diet (Crampton, 1957) have 
been used for comparison. The sodium content of the ‘normal’ diet was 

120-200 m-equiv/kg and that of the low sodium diet 5-6 m-equiv/kg. 


TasiE 1. Sodium, potassium, total water, and inulin space of kidney zones from 
rats fed on a low sodium diet. ‘Normal’ figures are in parentheses 


Zone Sodium* Potassium* Total water? Inulin spacet 
1 67-7 (65-3) 56-9 (67-4) 77-0 (75-3) 18-9 (29-0) 
2 59-6 (67-3) 57-1 (65-4) 78-2 (76-5) 19-0 (28-9) 
3 73-7 (84-5) 59-0 (59-4) 80-5 (79-8) 24-1 (28-9) 
4 149 (166) 50-0 (46-0) 86-2 (85-0) 35-1 (29-1) 
Whole — — 21-1 (24-2) 
kidney 
slices 


* Expressed as m-equiv/kg initial wet weight. 
+ Expressed as ml./100 g initial wet weight. 


The significant (P <0-05) differences between the kidneys of rats on the 
‘normal’ and low sodium diets are as follows. On the low sodium diet, the 
inulin space for zones 1-3 decreases, whereas in zone 4 it increases. The change 
in zones 1-3 is similar to the change in total body extracellular space in 
sodium-depleted animals (Holmes & Cizek, 1951). There is a fall in the sodium 
content of zones 2 and 3, but in zone 4 there is no significant change, in spite of 
a markedereduction in urinary sodium. There is also a fall in the potassium 
content of zones 1 and 2, accompanied by a rise in zone 4; and a small increase 
in total water in zones 1 and 2. . 

Intracellular water (total water minus inulin space) was 58-1, 59-2, 56-4 and 
51-1 ml./100 g tissue for zones 1 to 4 respectively. Similarly, the intracellular 
concentration of potassium was 95-5, 94-1, 102 and 92-8 m-equiv/l. intra- 
cellular water, and of sodium, 69-4, 54-1, 68-8 and 192 m-equiv/I. intracellular 
water. These calculations have assumed extracellular cation concentrations 
equal to those of plasma. # 
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The effects of topical application of drugs to the wall of the 

- empty carotid sinus on baroreceptor impulse activity. By 
J. H. Green, C. Heymans and E. New. Department of Physiology, 
Middlesex Hospital Medical School, London, and the Department of 
Pharmacology, University of Ghent 


Heymans & Delaunois (1955) ligated all branches of both carotid sinuses in 
dogs and opened the common carotid arteries proximal to the bifurcations. 
The innervated sinuses were therefore empty and pulseless; correspondingly — 
the systemic blood pressure was higher than normal. Topical application of 
noradrenaline bitartrate (1/1000) to the sinus wall induced reflex systemic 
hypotension which was abolished by cutting the sinus nerves. These results 
were interpreted as showing that an increase of intramural tension stimulates 
the sinus baroreceptors. 

The present experiments have been performed on cats under chloralose or 
pentobarbitone anaesthesia, They fall into two groups. 

Group 1. The experimental procedure of Heymans & Delaunois (1955) was 
copied exactly ; topical application of vasoconstrictor drugs to the empty sinus 
wall induced reflex systemic hypotension asin the dog. _ 

Group 2. The carotid sinus was isolated by ligation of all its efferent 
branches; the common carotid artery was allowed to remain patent. The 
corresponding sinus nerve was cut centrally and single or few-fibre baro- 
receptor preparations were made as described by Landgren, Neil & Zotterman 
(1952). Impulse discharge was recorded by saline wick electrodes which were 
connected to a resistance-capacity coupled amplifier and thence to a cathode- 
ray oscillograph. The common carotid artery was then ligated and opened © 
between the carotid sinus and the ligature. The baroreceptor impulse discharge 
from the empty sinus either ceased or became steady at a low frequency. The 
topical application of the following drugs increased the baroreceptor activity 
adrenaline (1/1000), noradrenaline bitartrate (1/1000) and post-pituitary 
extract (Pituitrin, Parke Davis, 5u.). The topical application of sodium 
nitrite (0-1°%), on the other hand, reduced the discharge, even when this was 
heavy under the influence of the previous application of a vasoconstrictor drug. 

It is our belief that these effects of the various drugs on the impulse activity 
of the baroreceptors are due to deformation or distortion of the nerve endings 
occasioned by contraction or relaxation of the muscular elements of the 
arterial wall, not only in the carotid sinus wall proper but in —. parts 
of the arterial segment. 
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Vasodilatation in forearm skin during insulin hypoglycaemia. 
By M. J. I. and J. 8. Starrurra. The Sherrington 
School of Physiology, St Thomas’s Hospital Medical School, London, S.E.1_ 


Respiratory changes in the anaesthetized dog during prolonged 
positive acceleration. By P.-O. Barr, H. Bsurstepr and J. C. G. 
CotertpeE.* Laboratory of Aviation and Naval Medicine, Karolinska 
Institutet, Stockholm 


In the course of an investigation of the pulmonary gas exchange during pro- 
longed gravitational stress, experiments were carried out to determine the 
effects of positive acceleration on the ventilation of the anaesthetized dog. 
The dogs were placed in a centrifuge (radius 24 ft.) in the supine position with 
the long axis of the body parallel to the radius of rotation and the head 
towards the centre of rotation. Respiratory minute volume, thoracic and 
abdominal respiratory movements, arterial blood pressure at carotid sinus 
level, arterial pH and arterial oxygen saturation were recorded continuously 
during exposure to moderate gravitational forces for periods of up to 5 min. — 

With the animal breathing air an initial apnoea was always observed 
followed by either subnormal ventilation, recovery or hyperventilation. The 
initial apnoea was considerably prolonged by oxygen breathing. Since the 
apnoea was reduced or even abolished by inflation of a cuff placed around the 
abdomen, and never occurred after bilateral vagotomy, it was attributed to 
activation of the Hering-Breuer reflex mechanism, brought about by the 
stretching of the pulmonary receptors when the diaphragm was displaced 
caudally. 

The post-apnoeic respiratory changes seemed to depend mainly on the extent 
to which the arterial blood pressure fell at the carotid sinus level. After 
vagotomy, exposure to positive acceleration at 2 or 3 g produced very marked 
hyperventilation, and the pH of the arterial blood was shifted to the alkaline 
side by up to 0-4 unit within 2 min. Bilateral denervation of the carotid sinus 
regions prevented the occurrence of this hyperventilation; hence it may be 
due to a reduction of flow through the carotid bodies. After bilateral vagotomy 
and denervation of the sinus regions, respiratory failure commonly occurred 
during positive acceleration. 


* Present address: Department of Physiology, School of Medicine, University of Leeds. 
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The adrenaline and noradrenaline content of the adrenal gland 
of the albino rat following reserpine-induced depletion of 
medullary catechol amines. By R. E. Covptanp. Department of 
Anatomy, School of Medicine, University of Leeds . 


A single intravenous injection of reserpine (15 mg/kg) to Wistar strain albino 
rats produces, after an interval of 24 hr, an almost complete loss (over 90%) 
of catechol amines from the adrenal gland. 

Groups of 8-10, 200-250g Wistar rats were injected with reserpine 

(15 mg/kg 1.v.) and killed by a blow on the head 1, 3, 6, 9, 14 and 21 days later. 
The adrenal glands were removed immediately and weighed. Two glands from 
each group were examined microscopically after treatment with formol- 
dichromate or potassium iodate and the cellular localization of adrenaline and 
' noradrenaline determined. The remainder of the glands from each group were 
pooled, homogenized and extracted with 0-025 m-HCl (Holland & Schiimann 
1956).. The extracts were subsequently purified by adsorption on alumina 
(Weil-Malherbe & Bone, 1952) and assayed by the method of Euler & Hamberg 
(1949). 
After an initial loss of both pressor amines, noradrenaline is rapidly reformed 
and 3 or 6 days after the injection has reached a normal or supranormal value. 
The adrenaline content of the adrenal gland increases more slowly and normal 
values for both pressor amines are not reached before the 14th day. 
_. In the normal gland noradrenaline is localized in discrete groups of cells 
. (Hillarp & Hékfelt, 1953). In previously depleted glands, noradrenaline is not 
confined to these distinct cell islands, but is present throughout the medulla 
and, as judged by the potassium iodate reaction, only becomes confined to 
_ specific cell groups after an interval of 9-14 days. 
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_ The ‘alveolar’-arterial CO, gradient during anaesthesia. By 
i R. P. Harsorp and P. W. Ramwet. Department of Anaesthesia, School 
Of Medicine, University of Leeds 

_ During anaesthesia there is an increasing tendency to employ ‘alveolar’ gas 
Samples in an effort to follow CO, changes in the arterial blood. It.is generally 
assumed that during anaesthesia the expired fraction of the ‘alveolar’ air has 


' been in CO, equilibrium with the blood, as seems to be the case in healthy 


conscious subjects. 
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This assumption has been tested. The CO, tension of arterial blood was 
estimated from the Henderson-Hasselbalch equation; the CO, tension of the 
expired ‘alveolar’ air was determined by infra-red analysis of a continuous 
fractional sample from the endotracheal tube in anaesthetized patients and 
from the nostril in conscious subjects. 

In ten conscious subjects the arterial CO, tension exceeded the ‘end plateau’ 
tension in the expired air by 1-6 mm Hg (s.z. 1-2). But in nine young healthy 
patients anaesthetized with thiopentone or 21-hydroxydione sodium suc- 
cinate, there was a difference or gradient of 5-0 mm Hg (s.z. 1:2) which was 
significant (P<0-01). These observations confirm those of Severinghaus, 
Stupfel & Bradley (1957) and also a previous comparison in which an end 
expiratory gas sampling method was used. In this series of eight subjects 
a gradient of 4-9 mm Hg (s.z. 1-6) was measured. 

In the same subject, the gradient is unchanged over a wide range of tidal and 
minute volumes. There is no significant difference (P=0-01) im the gradient 
when the anaesthetized subject is breathing spontaneously and when venti- 
lated by intermittent positive pressure respiration after total curarization. 

It is suggested that the gradient is caused by an increase in the physio- 
logical dead space due to the formation of an alveolar dead space. If anaes- 
thesia causes a fall in cardiac output (Johnson, 1951), it is possible that such 
a fall may cause uneven distribution of alveolar capillary blood i.e. some 
alveoli may be relatively overventilated. 


The cost of this research was defrayed in part by the Medical Research Council. | 
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The effect of general anaesthesia on the vascular responses to CO, 
inhalation in man. By L. McArp.ez and I. C. Roppig. Department 
of Physiology, The Queen’s University of Belfast 


The effect of resistance in the circuit on the respiratory exchange 


during exercise. By H. R. Nottie. Department of Physiology, 
School of Medicine, University of Leeds 
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THE EFFECT OF LOW TEMPERATURES ON THE RESPONSES 
OF ARTERIES 19 CONSTRICTOR DRUGS 


By W. R. KEATINGE 


From the Medical Research Council Department of Ansieemecat 
Medvewne, University of Cambridge 


(Received 6 December 1957) 


- [solated arteries have been shown to dilate when cooled slowly and to regain 
their original size when warmed (Roskam, 1920; Aschoff, 1943). Roskam 
showed that this behaviour persisted after the artery was dead. Since elastin 
relaxes when cooled and contracts when warmed (Neurath & Bailey, 1954), 
__ its properties may be responsible for these reactions to temperature, which are 
_ probably not of great importance in vivo. Smith (1952) reported that arteries 
_ stimulated by adrenaline contracted and relaxed more slowly at 17 than at 
 $7-5° C, but he did not mention any change in the size of the responses. No 
_ studies appear to have been made of the effect of temperatures lower than 17° C 
on the response of isolated blood vessels to drugs, but Keatinge (1957) found 
_ that cold vasodilatation in the fingers of chilled people was little affected by 
vasoconstrictor reflexes or by adrenaline. 

The present paper describes the effect of near-freezing temperatures on the 
responses of isolated blood vessels to adrenaline, histamine and vasopressin. 
_ Since the effect of such low temperatures is of interest in connexion with blood- 

_ flow changes observed in cold extremities, arteries from the peripheral parts of 
_ limbs were mainly used. 


METHODS 


Terminal parts of the ulnar arteries of bullocks were obtained at a ‘slaughter- house. They were 
removed from the animal and put into oxygenated saline between 5 and 20 min after the animal 
had been killed by @ captive bolt. The vessels were taken from just below the radio-carpal joint. 


A Dhe anatomical arrangement of the arteries differed from animal to animal, but a portion of artery 


3-4 cm long, reasonably free from major branches and with a sufficiently large diameter, was 


¢ obtained from all but two of the animals. The artery was threaded over a needle and cut into a 
_ spiral strip 1 mm wide as first described by Macht (1914). The only arteries which presented 
. difficulties were those whose lumen was obliterated by spasm. Thirty-one preparations were made, 


of which 22 gave responses large enough for systematic study. In addition, 12 preparations of 
other blood vessels from the bullock, sheep, horse and pig were made, 7 of which gave responses 
large enough for systematic study. 
25 PHYSIO. CXLII 
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The experimental apparatus is illustrated in Fig. 1. The spiral strips were mounted in a vertical 
glass tube of 4 ml. capacity up which flowed oxygenated saline solution. The lower end of the 
arterial strip was fixed and the upper end operated an ink-writing lever on a kymograph. The lever 
was weighted to give a pull on the artery of 2-5 g. The temperature of the saline solution reaching 
the artery was controlled by passing it through a plastic tube immersed in water at the desired 
temperature, Sudden changes of temperature were brought about by switching the saline through 
a second coil already immersed in water at the new temperature. The rate of flow was kept 
constant at 10 ml./min except during changes of temperature, when it was increased for 30 sec 
until the new temperature had become stabilized. The temperature was measured by a thermo- 
couple immediately below the artery; the cold junction of the thermocouple was in a vacuum flask 
full of ice and water, and the e.m.f. was recorded by a direct-reading galvanometer. 


Oxygenated saline 
from reservoir 


Thermocouple wires 


Hot water Sen 


Fig. 1. The experimental apparatus. 


At the end of an experiment some arteries were killed by soaking in saturated KCN for 1 hr 
and were afterwards remounted and subjected to the same changes of temperature as before. 

The solution flowing past the preparation contained (mm): NaCl 133, NaHCO, 16-3; NaH,PO, 
1:38; KCl 4-7; CaCl, 2-5, MgCl, 0-105 and dextrose 7-8; the last three compounds being added 
after the solution of the first four had been equilibrated with 95% O, and 5% CO, (Born & 
Bilbring, 1956). The pH after equilibration was between 7-3 and 7-5 (measured by capillator). The 
solutions were made up in distilled water, further purified by a mixed anion-cation exchange resin 
(‘Elgastat’) to a conductivity of 5 MQ. Drugs were injected into the perfusion fluid immediately 
before it passed over the artery, and therefore came into contact with the preparation for only 
“ray The position of the injections was close to the recording thermojunction shown in 

experiments on ulner arteries of ballocks were carried ont between May and September 
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RESULTS 

Ulnar arteries of bullocks 
The preparations varied considerably in the size of their response to drugs. 
Individual arteries gave increasingly large and rapid responses to adrenaline 
for 1-6 hr after they had been mounted. Responses then tended to decrease, 
but some arteries remained reasonably stable for up to 24 hr. Similar changes 
with time have been er in isolated carotid arteries of rabbits (Leonard, 
1957). 


| 105° 13° 
(rd) (is) en) | (Sch) | 
| | 
15 min ‘Limits 
28° 307° 36° 
(Ach) | Gna) | (@ch) (6th) 4 


Fig. 2. The effect of temperature (° C) on the response of a preparation to adrenaline. 
Each arrow represents an injection of 50 pg of adrenaline. 


Fig. 2 shows responses of a typical preparation to 50 ug of adrenaline at. 
temperatures between 5-8 and 36° C. There was no response at 5-8 or 6° C, 
a minute response at 10-5°, and then progressively larger contractions with 
increase in temperature to 36° C. These responses were elicited in a random 
order so as to reduce the complicating effect of their tendency to breaine 
smaller with time. 

Fig. 3 shows the responses of eight ulnar arteries to 50 pg of sdiccainns at 
various temperatures, expressed as percentage shortening of the strip. The 
arteries were only recorded as failing to contract at the lower temperatures if 
they reacted when warmed later to higher temperatures. These arteries were 
tested over a wide temperature range, and remained in good condition for the 
period of study. Below 10° C none gave a measurable response, between 10 
and 12:5°C only some did so, while above 125°C all responded and the 
average size of the contractions increased as the temperature rose to 37 ras 

_ Some vessels were tested in addition with up to 200 yg of adrenaline at 6-5° C, 
again without giving a measurable effect. The contractions at different tem- 


_ peratures were elicited in different orders in the various preparations so as to 
25-2 
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avoid as far as possible distortion of results from progressive deterioration or 
improvement. 

Below 10-5° C neither histamine nor vasopressin (Pitressin; Parke, Davis) 
produced measurable responses in any ulnar arteries, although they responded 
when warmed to higher temperatures. The responses to these drugs above 
10-5° C were usually small and were not studied systematically. It was noticed 
that responses to histamine were often as large or larger at 20-27° C than at 
30-37° C, although a few arteries gave a stronger response to histamine at the 
higher range of temperature. 


* 
10k 
6 
Sk oe 
* 
1 20 30 40 
Temperature (° C) 


Fig. 3. The responses of eight arteries to 50 yg of adrenaline at temperatures between 5-5 and 37° C. 


Histamine and adrenaline together generally gave somewhat larger responses 
than adrenaline alone. Table 1 shows the extent of this increase in response 
on four preparations. 

Fig. 4 (top) shows the effect of sudden cooling to 6-5° C on an artery which 
had been contracting under the influence of adrenaline at 37° C. There was an 
immediate slight relaxation followed by little change in length for 4 min, a 
relatively rapid relaxation for a further 8 min, and finally a slow relaxation for 
the remaining 80 min for which it was kept at 6-5° C. When the preparation 
was then suddenly rewarmed to 37° C, it contracted briefly and then relaxed 
speidly. Fig. 4 (middle, left) shows that the same pattern of response was 

tained when adrenaline was administered continuously before ‘and during 
cooling. These changes contrast with the smooth curve of contraction and the 
more rapid relaxation shown with adrenaline by this preparation at 37° C 
(Fig. 4, bottom right). Fig. 4 (bottom left) shows the response after the artery 
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TaBLe I, Degree of shortening, as % of initial length, after adrenaline and 
histamine together and after adrenaline alone 


Shortening after 
50 pug 
emperature 50 wg adrenaline 50 
Artery (°C) (%) 
J go 0-3 
30 0-2 
K 34-5 81 8-7 
20 0-9 2-6 
L 37 0-9 2-6 
M 36 10-2 10-9 
36 | 5-6 
(5 hours later) 
tem 
37° 
Adrenaline off 
Adrenaline 
25 wg/min 
4 After cyanide 
37° 65° 37° 37° E54 37° 


Adrenaline Adrenaline 
65°41 37° 
15 min 


Fig. 4. Top and middle: the effect of catia cooling and rewarming during an adrenaline-induced 
contraction, and after treatment of the artery with cyanide. Bottom: responses to adrenaline 
at 37° C, 2 and 50 min after a period of 80 min at 6-5° C. 
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had first been kept at 6-5° C for 80 min, then suddenly warmed to 37° C, and 
2 min later exposed to 50 wg of adrenaline; it contracted. The response was 
smaller and more prolonged than the response to a similar injection 50 min 
later. Such temporary reduction in the response after cooling, with later 
recovery, was seen in other preparations, but this effect was not investigated 
in more detail because of the slow deterioration in many preparations. : 


Adrenaline 50 yg Histamine 100pg 


| oF 4 37° 37°  65°=4 37° 
Pitressin After cyanide 


Adrenaline | 100 yg. ‘Adrenaline | 100 ug 


37° 65°44 37° 205° 37° 


15 min 
Fig. 5. Top and middle: the effect of sudden cooling and rewarming during contractions induced 
| by adrenaline, histamine and Pitressin. Bottom: the effect of rewarming to 37°C 10 min 
after exposure to adrenaline at 6-5° C, and of warming to 37° C during a contraction at 20-5° C. 


'. The immediate slight relaxation seen when the preparation was suddenly 
cooled to 6-5° C can be accounted for by lengthening of non-muscular elements 
of the artery. This was shown by subjecting this and other preparations to the 
same temperature changes after they had been soaked in saturated KCN for 

1 hr. Such preparations did not respond to adrenaline. However, they relaxed 

when cooled and contracted when warmed, as illustrated for this preparation 
in Fig. 4 (middle right). There was no correlation between the size of response — 
to temperature change of the dead arteries and the amount they had previously 
shortened in response to adrenaline when alive. This is seen from Figs. 4 and 5. 

Fig. 5 shows that the effect of cooling on a contracting artery was similar 
whether the contraction had been caused by adrenaline, histamine or Pitressin. 
Fig. 6 shows the relationship between the amount of shortening in response to 
a constrictor drug at 37° C and the amount. of muscle contraction still present 
after 12 min at 6-5° C. To obtain the latter, the amount of lengthening of the 
elastic component was found later by cooling the artery after soaking in KCN, 
and this change in length was added to the amount of shortening previously 
recorded after 12 min at the lower temperature. The degree of contraction 
present after 12 min in the cold was closely proportional to the height of the 
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initial contraction, and independent both of whether the drug was eileininbevad 


only before cooling or throughout, and of the actual drug causing the con- 
traction. ~ 


Bre 


T T 


_ (as percentage of initial length of arterial strips) 
T 


Contractions present after cooling to 6-5° C for 12 min 


L 

10 25 30 

Size of contractions at moment of cooling 
(as percentage of initial length of arterial strips) 


Fig. 6. The relationship between the size of contractions just before cooling from 37° C, and the 
contractions still present after 12 min at 6-5° C, The latter contractions are corrected for the 
lengthening of the structural elements of the preparation caused by the fall in temperature. 
@, contractions in response to adrenaline; ©, contractions in response to histamine; 
x, contractions in response to Pitressin. | 


we 


Fig. 5 also shows (bottom left) that although adrenaline given to an artery 
at 6:5° C had no visible effect, the vessel contracted when warmed to 37° C 


10 min later. Without adrenaline, cooling and warming the artery through the © 


same range of temperature had quite a large effect, which is about the same 
as that found later after the vessel had been in cyanide (middle right). Table 2 
shows the extent to which vessels contracted, when rewarmed to 37° C 10 min 
after exposure to adrenaline at 6:5° C, and compares this with the shortening 
due to temperature increase alone, before and after treatment with cyanide. 
Fig. 5 (bottom right) shows that when a vessel contracting at 20°C in 
response to 100 yg of adrenaline was suddenly warmed to 37° C there was an 
immediate increase in the contraction, which was somewhat larger than that 
to be expected from shortening of the non-muscular elements alone. | 
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Other preparations 

Similar studies to those on the ulnar arteries were made with the carotid 
arteries of a bullock, two sheep, a horse and a pig and with two ulnar veins of 
bullocks. All carotid arteries and one of the ulnar veins failed to respond 
measurably to adrenaline at 6-7°C although responding well at 20-37° C. 
The same vein and the arteries from the first two species, however, gave very 
small responses to histamine at 6-7° C. At 20-25° © the responses to histamine 
were generally larger than at 37° C, but those to adrenaline were generally 
smaller. The other ulnar vein differed from all the other vessels in giving small 
but definite responses to adrenaline at 6-6-5° C and in giving larger responses 
to adrenaline at 20 than at 37°C. A sheep’s and a bullock’s carotid arteries 
gave reasonable responses to Pitressin at 37° C but did not respond to it at 
6-7° C. The carotid arteries and ulnar veins often gave small cooling contrac- 
tions when cooled rapidly from 37 to 6-5° C. 


TaBLE 2. Degree of shortening, as % of initial length, of arterial strips 
when warmed suddenly from 6-5 to 37° C 
10 min after Without After treatment 


50 wg adrenaline adrenaline with cyanide 

Artery (%) (%) (%) 

N 5-9 1-5 . 
3-5 1-4 1-2 
P 15-3 0-6 
5-0 0-3 0-3 
Q 4-2 0-7 0-7 
U 1-8 1-3 1-0 

DISCUSSION 


Moderate cooling of the isolated arterial preparations used in the present 
experiments usually reduced their constrictor responses to adrenaline and 
increased those to histamine. Cooling below 10°C, however, abolished or 
greatly reduced the responses to all the drugs used—adrenaline, histamine and 
Pitressin. The impaired response of these vessels at near-freezing temperatures 
is in keeping with the behaviour of other mammalian tissues: rat nerve will 
not conduct below 9° C (Chatfield, Battista, Lyman & Garcia, 1948) and the 
contraction of the smooth muscle of the guinea-pig ileum is greatly impaired 
at 13° C (Innes, Kosterlitz & Robinson, 1957): 

A rather surprising observation was that although adrenaline had no 
demonstrable effect on the arteries at 65° C, they contracted if warmed to 
37° C 10 min after exposure to the drug. Moreover, vessels which were con- 
tracting under the influence of adrenaline when cooled, contracted again when 
_rewarmed, after as long as 80 min at 6-5° C, even though they had not been 
exposed to any more adrenaline during this time. These late contractions may 
have been due to prolonged adsorption of adrenaline by the artery. Prolonged 
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adsorption of hormones by tissues has been demonstrated for insulin which is 
adsorbed by rat muscle (Stadie, Haugaard & Vaughan, 1952), but the claim by 
Stadie, Haugaard & Marsh (1951) for adsorption of adrenaline by rat muscle 
was apparently based on a misinterpretation of their experimental result — 
(Ellis, Anderson & McGill, 1955). Alternatively, the adrenaline may have 
brought about some ionic or other change in the arterial muscle which persisted 
in the cold but only led to a contraction when the artery was warmed. The 
occasional rewarming contractions reported by Smith (1952) may also have 
been cases of delayed response to adrenaline. Small cooling contractions, like 
those reported by the same author, were seen with carotid artery preparations 
and with the veins, but they did not occur with the ulnar arteries, perhaps 
because of the rapid cooling rates used. 

All the arteries and one of the veins failed to respond to adrenaline at 
6-7° C. It is interesting that the only vessel studied which did respond at this 
range of temperature was one of the ulnar veins, perhaps because it had been 
carrying cold blood im vivo (the experiment was performed in October). The 
arteries used were presumably all warm-adapted. The recent observations that 
human skin blanched by iontophoresis of adrenaline flushes when cooled in 
— ice-water (0. G. Edholm, R, H. Fox & R. K. Macpherson, personal communi- 

cation) and that cold vasodilatation in cold people is little affected by con- 
strictor reflexes or adrenaline (Keatinge, 1957) provide evidence that the — 
responses of human capillaries and arterioles to adrenaline are also impaired 
by low temperatures, when warm-adapted. 

In the present experiments, vessels cooled to 6°5° C while in a contracted 
state maintained their muscular contraction for 4-6 min in the cold, after 
- which they relaxed to some extent. It is interesting that 4—6 min is also the 
minimum time for the appearance of cold dilatation in man (Lewis, 1930; 
Greenfield & Shepherd, 1950). The degree of contraction of the arterial prepa- 
tations, still present 12 min after cooling, was dependent almost solely on the 
degree to which the artery was contracted at the moment of cooling, and it was 
_ found that the more intense the initial contraction the longer it took for a 
cooled vessel to relax to a given length. In an earlier investigation (Keatinge, 
1957) it was noticed that cold vasodilatation took place more slowly in fingers 
_ immersed in ice-water when people were cold than when they were hot. The 
peripheral blood vessels of the cold subjects were presumably more intensely 
constricted than those of the hot subjects at the moment when the fingers were 

cooled below the critical temperature, and the long delay in the return of blood 
_ flow in the cold subjects may be due to the time needed for the more intense 
_ initial constriction to wear off. The periodic development of vasoconstriction, 
the ‘hunting’ reaction in cold fingers, could well be explained by the partial 
recovery of the contractile power of the vessels following the vasodilatation 
_ and the consequent return of warm blood to the skin. 
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There is some evidence that axon reflexes and histamine (Lewis, 1930; 
Oelander & Folkow, 1953) and paralysis of vasoconstrictor nerves (Hertzman 
& Roth, 1942) may play a part in cold vasodilatation. However, Greenfield, 
Shepherd & Whelan (1951) showed that peripheral nerves were not essential 
and Duff, Greenfield, Shepherd, Thompson & Whelan (1953) were unable to 
influence the dilatation significantly by antihistamine drugs. In the present 
experiments responses of the isolated artery preparations to all the constrictor 
drugs tested were grossly impaired below 10° C, and these drugs had little 
power to maintain vasoconstriction at near-freezing temperatures. These 
results suggest that though a number of factors may play a part in the 
production of cold vasodilatation, much of the phenomenon can be — 
by the direct effect of temperature on the blood vessels. 


SUMMARY 


1. The isolated ulnar arteries of bullocks ceased to respond measurably to 
adrenaline, histamine or Pitressin when cooled below 10° C. | 

2. The arteries lost the power to contract as soon as they were cooled below 
10° C and regained it as soon as they were warmed to 37° C, although at first 
incompletely. | 

3. When an artery under the influence of one of these drugs at 37° C was 
suddenly cooled to 6: 5° C it remained contracted for 4—6 min and then relaxed 
slowly. 

4. Arteries failed to respond to adrenaline at 6-5° C but they contracted — 
when they were warmed to 37° C10 min after exposure to the drug. 

5. Responses of carotid arteries of other species and of bovine ulnar veins 
to adrenaline and histamine were also either abolished or grossly impaired by 
cooling to 6-5° C. 

6. The results suggest that the direct action of cold on blood vessels plays 
an important part in cold vasodilatation. 

I am indebted to Professor R. A. McCance for advice during the experiments, to both him and 


Dr O. G. Edholm for criticizing the paper, and to Drs E. M. Widdowson, G. C. — 
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THERMOREGULATION IN SPINAL MAN 
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It has never been unequivocally established whether or not the spinal cord, 
chronically isolated from the brain above the thoracic sympathetic outflow, 
plays any part in temperature regulation. Animals, kept in rooms at an air 
temperature of 80° F (26-5° C), after chronic traumatic lesions of the spinal 


cord, behave essentially as poikilotherms (Pfliiger, 1878; Pembrey, 1897; | 


Freund & Strassmann, 1912; Sherrington, 1924), but if they are kept at 
60-70° F (15-6-21-1° C) they appear to regain some measure of temperature 
regulation against cold (Thauer, 1939; Clark, 1940). Studies on man are 
equivocal. Some authors claim that patients with acute traumatic lesions in 
the lower cervical segments are, initially, hyperthermic but later regain an 
ability to sweat (Foerster, 1936). Others state that they are hypothermic 
(Holmes, 1915). 

The experimental studies reported in this paper were made on human male 
patients, who, with one exception, had complete lesions due to injuries at 
various levels in the spinal cord, in order to study further the nature of the 
thermo-regulatory processes in spinal man. The subjects comprised one normal 
man, four patients with lesions at segmental levels between C6 and T1, one 
with a lesion below T4 and one with a lesion below T8. In all patients many 
months had elapsed since their injuries to the spinal cord. These subjects were 
exposed at rest and naked for 1-2 hr at air temperatures of 18-20, 28 and 
35-37° C. These temperatures and the design of the experiments were chosen 
to effect a comparison with the data of Hardy & du Bois (1938, 1941) and so 


to bring out any alteration in the thermoregulatory processes due to the cord 


lesions. 


METHODS 


The patients were all in good physical condition. None had bedsores nor urinary infection of any 
consequence. The cervical lesion patients and theT 4 patient were bed-ridden and subject, therefore. 


to a smaller range of fluctuation in environmental temperatures than the other men. The wards 
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_ of this hospital were neither centrally heated nor air-conditioned, and hence the microclimate of 


1956. Air in the room was circulated slowly by means of a small electric fan to avoid gradients. 


are globe thermometer readings, as they take account of radiation. Globe thermometer readings 


equation due to Hardy & Soderstrom (1938): 


In the steady state, i.e. when 7’, and 7’, have reached steady values and M is constant, these 
. estimates present no difficulty. In cold conditions, as occurred here in the high spinal lesion cases, 
- 7, reached a steady level in the last hour, but 7’, fell steadily. We have therefore assumed that the 


_ we have refrained from trying to calculate Ky, or Kyi. 
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these patients probably shows a considerable variation between winter and summer. Their physical 
characteristics are given in Table 1. 

The same experimental procedure was adopted in each study. The subjects were stripped and 
rested nude for 1 hr on hospital beds at an environmental temperature of 27° C. Thereafter they 
were transferred either to an environmental temperature of 18-20 or 35-87° C for 14-2 hr. The 
cold temperature conditions were obtained in a room open to the outside air, but shielded from 
direct and most reflected radiation from the sun on the colder days of the summers of 1954 and 


The study at 35-37° C was made in a specially constructed ‘hot box’ (Guttmann, 1947). The heat 
source was a series of infra-red electric heaters in the roof of the box, but the patient was shielded 
from direct radiation. The air heated in this way was circulated slowly. Humidity in the box was 
constant at 40-60% during exposure of the cervical subjects, but tended to rise to 60-70% when 
the subjects who sweated were studied. The temperatures given of all the environmental conditions 


in the hot box were approximately 2° C higher than the air temperature but were within 1° C in 
the neutral and cold temperatures. The presence of sweat was detected by the quinizarin dye 
method, which has been shown to be very sensitive (Guttmann, 1941, 1947). 

Rectal temperature was measured every 15 min with a clinical rectal thermometer. Skin 
temperature was measured by means of a copper-constantan thermocouple, stretched over 
a Y shaped applicator; the e.m.f. was recorded on a Cambridge Instrument galvanometer specially 
constructed for skin temperature measurements. Skin temperatures (7',) were measured at the 
forehead, chest, side, fingers and toe. Temperatures were also measured on the anterior surface of 


the body above and below the level of the lesion. Average skin temperatures were calculated 
from the formula: 


T,=-0-1T of trunk +0-17 of foot +0-17' of finger +0-17' of forehead 


Weight of sweat loss could be determined with adequate accuracy by loss of weight of only the 
normal subject. Metabolism was measured twice in each air temperature condition by means of 
a Benedict-Roth type of apparatus and was determined over 5 min intervals. K,,,, the heat 
conductance of the tissues, and K,,,, the conductance of the air, were determined from the 


and, similarly, 
where M =rate of metabolic heat production (cal/m*/hr), 
S=rate of heat storage (cal/m*/hr), 
T', =rectal temperature (° C) and 7’, skin temperature (° C). 


rate of heat flow between 7’, and 7’, is metabolic rate plus the .2t6 of change of heat content of 
deep tissues, viz., 7’, x 0-83 x 2W/3 (it being assumed, with Hardy & Soderstrom (1938), that in 
cool conditions 7, represents 2/3 of the total tissues). In hot conditions the situation is more 
difficult. 7', rises steadily and so does average 7',, even though tending towards an asymptote in 
the last: hour. Moreover, it is certain that 7', does not, as in cold or neutral air temperatures, 
represent the average temperature of 2/3 of the total tissues. Hence where heat is being stored 
in deep and superficial tissues at different rates, as in the cervical lesion cases in hot conditions, 
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Taste 1. Physical characteristics of subjects 


Height Weight* Surface 

Patient Site of lesion (ft.in.) (em) (Ib.) (kg)  (m?*) 
Hardy & du Bois 10) +179 170 77 1-95 

(1941) man 

Normal control — 5 ll 180 175 79 1-97 
Case 1 T8 (complete) 58 173 145 (161) 1-76 
Case 2 T4 (complete) 59 “175 =182(147) 60 1-70 
Case 3 C6-7 6 0 183 112(147) 51 1-65 
Case 4 C7 (complete) 5 10 178 108 49 1-60 
Case 5 C6 (complete) 57 170 100(125) 95 1-50 
Case 6 C5-6 (complete) 6 0 183 112(140) = ‘51 1-65 


* The weights of all of the high spinal lesion men coul< not be obtained because of the difficulty 
in dealing with men paralysed to this extent. The same loss, 20% of pre-accident weight, is, 
therefore, assumed in these cases. 

+ Incomplete lesion at C6—7; spinothalamic tract cut; touch present to L1, 2, 3, on right side 
but absent on left side. 


RESULTS 
Neutral air temperature (27° C) 


At this ambient temperature the normal control and the patients with lesions 
at different levels in the spinal cord were able, when exposed naked at rest for 
1 hr, to maintain the central body temperature at a constant level. The control 
subject differed from the patients in that his rectal temperature fell from 37-3 
or 37:5° C, the ambulatory level, to 36-9° C in the first half hour, and then 
remained constant. The patients, being confined to bed, did not show the initial 
fall. Patients and the control subject were quite comfortable in this air tem- 
perature. 

The temperature of the extremities, especially of the normal man, altered 
rapidly and markedly from the pre-experimental level in the first 30 min, and 
thereafter was relatively constant (see Fig. 1). In the last half hour there was 
the expected gradient in temperature over the body. Toe temperatures were 
close to air temperatures, viz. 26—27° C; finger temperatures were 30—32° C and 
trunk and forehead were 34-35° C. Temperatures at the extremities of the 
patients were quite different (Figs. 2-4). The toes of the T4 and T8 subjects 
were the same as the fingers, 30-32° C. The cervical lesion patients had both 
toes and fingers as warm as the trunk. 

Average skin temperature of the normal man was somewhat lower than that 
of the patients because of the lower toe and finger temperatures of the former. 
The rates of metabolism of the control and the patients were similar. Hence 
the calculated values of K,,, and K,,, are also similar (Table 2). The 
estimated values in the normal control agree well with those of Hardy and 
du Bois (1941). 
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Fig. 2. Temperatures of patient case 1, with lesion below T8. 
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Fig. 3. Temperatures of patient case 2, with lesion below T4. 
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Fig. 4. Temperatures of patient case 4, with lesion below C7. 


; | Air temperature of 18-20° C 

The normal control and the patient with the lesion below T8 were able to - 
regulate central body temperature adequately at this ambient temperature, 
judged by the fact that rectal temperatures were maintained at the same level 
as in the neutral air temperature during 2 hr of exposure. These levels were 
37-0 and 36-9° C respectively (Figs. 1, 2). The other patients did not show an 
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ability to maintain central body temperature at a constant level. Rectal 
temperature in the T4 patient fell from 37-0 to 36-5° C in 2 hr (Fig. 3). The 
rectal temperatures of the cervical-lesion cases, nos. 3-5, fell respectively from 
37°3 to 35-5° Cin 24 hr; from 36-8 to 35-8° C in 14 hr; and from 37-0 to 35-8° C 
in itt hr (Fig. 4). 

_ Taste 2, Body temperatures and heat conductance am for all goa 


Mid-hour Mid-hour 
(per hr) (°C) (cal/m*/hr) (cal/m*/hr) Kw, Ky 


Neutral air temperature (27° C) 
ly&du Bois 0 82:5 4:3 350 0 88 60 12 
36-9 0 32-7 4-2 87-4 0 92 62 10 
37-0 0 33:6 3-4 38:6 0 
37-0 0 33:8 3-2 85:2 0 14. 
37-3 0 33-9 3-4 36-8 0 
36-9 0 33-3 3-6 38-0 0 
36-8 0 33-7 3-1 33-6 0 
37-0 0 33:4 3-6 33-8 0 
Cold air (18-20° C) 
siy&duBois 368 0 30-5 63 87 60 10 
37-0 0 27-2 9-8 40-4 0 40 58 10 
36-9 0 29-7 72 63-5 0 88 — 
36-6 ~ 0-2 42-7 
36-1 ~0-6 30-2 5-9 45-6 -166 105 50 — 
36-1 ~07 38-7 55 42-6 6. 
Hot air (35-37° C) 
y&duBois 370 0 85:2 18 35:0 0 25-0 60 42 
37-0 0 35-4 16 60:3 0 37-7 +10 
87-4 0 35-7 7 0 
38:1 +h 36-3 1:8 41-6 
38-0 +10 37-3 O-7 42:8 
38-1 +12 37-2 0-9 68-3 
38-1 +10 87-4 0-7 42-1 


Associated with these differences in the ability to maintain central body 
temperatures in cold air there were marked differences in the thermoregulatory 4 
responses observed. The temperatures of the various areas studied in the | 
: | normal man fell rapidly in the first 15-20 min and then reached a relatively : 

_ Steady level in the second hour of exposure. There were marked differences in : 

the extent of fall in temperature of the different areas. Toes and fingers fell by 
, 12-13° © to within.1-2° C of the ambient temperature, whereas the forehead — 
fell by only 2° C. The een with the T8 lesion displayed one marked variation 
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from the normal response: toe temperatures did not fall so far and, in fact, 
fell only to that of the trunk temperature. In the cervical-lesion patients 
neither toe nor finger temperatures fell below those of the trunk. In one of the 
three cervical-lesion patients the toe was actually the warmest part of the 
body. The patient with a lesion below T4 had a marked fall of both toe and 
finger temperatures, which contrasted with those of other patients, indicating 
that the lesion had not severed completely the sympathetic fibres to the lower 
extremities. 

The extent of muscle involved in shixesing j in relation to time and pattern 
was very different in the normal man compared with the cervical-lesion 
patients. The control subject and the T8 man (Table 3) began to shiver in 
single groups of muscles in different parts of the body by the 20th minute and 
by the 30th-40th minute there were periods lasting 1-3 min of very vigorous 
shivering involving the major parts of the muscle mass (but only in muscle 
above the level of the lesion in the T8 man). Both subjects complained of 
feeling chilled before each bout of shivering but felt warm immediately after- 
wards and for some minutes subsequently. The higher level lesion patients 
began to shiver a few minutes earlier, at about 12-15 min, in the muscles of 
the shoulder girdles and the neck and face (Table 3). By the 30th-40th minute 
there was continuous ‘chattering of the teeth’ and a feeling of deep chill. By 
the end.of the exposure these patients felt uncomfortably and continuously 
cold. Metabolism of all-the subjects studied was raised by shivering. Heat 
production of the cervical and T4 patients was increased by 50%. The T8 


patient doubled his rate of energy production. Each time the control subject 


was connected to the metabolic apparatus during a bout of shivering the latter 
promptly ceased. The metabolism anise therefore was the resting phase 
with muscles tense owing to cold. 

The calculated values of K,,, were greater in the cervical-lesion patients 
than in the others and were actually not below the values at 27° C. This is due 
to the fact that, in the first place, at steady state the temperature gradient 7, 
to 7, does not fall so markedly and, secondly, the rate of heat transfer 
(metabolism + loss of stored heat, i.e. T, x 0-83 x 2W/3) is relatively large. The 
value of K,,, in the control subject is less than that given by Hardy & du Bois 
(1941) in their studies. 

K,;, values are approximately the same in the normal man and in the 
patients and are similar to those in the neutral temperature zone. They are 
close to the value of 6-0 cal/m*/hr/° C of Hardy & du Bois (1941). 


Avr temperature of 35-37° C 
At this ambient temperature the normal subject and the T8 lesion patient 


both controlled the central body temperature adequately. Rectal temperatures 
of the control were steady at 37-0° C, those of the T8 man rose from 37:1 to 
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37-4° C in the first 45 min and remained steady thereafter (Figs. 1, 2). Rectal 
temperatures of all the other patients rose to 38-5-38-6° C in 1} hr of exposure 
(Figs. 3, 4). 

Associated with these differences in the extent of rise of rectal temperature 
are clear-cut differences in the regulatory responses examined. Skin tempera- 
tures of all areas, except the toe, of the normal man rose to between 35 and 


‘Tasie 3. Time of onset of thermal responses 


Time (min) 
Cold (18-20° C) Control Spinal lesion 
9  Gooseflesh 
i ivering, and biceps 

24 General shivering Seeing left deltoid and right 

ceps 

30 es ween, Feels cold on face, shoulder and 
feet very cold cheeks; also a ‘deep-seated’ 

ing contin 
| 60 Very cold, shivering + + 
= (greatly 
106 Very cold again | — 
Heat (35° C) | 
Sweating around lips, soles and 
5 Sweat around eyebrows, lower 
and armpits 

10 Sweat on chin . — 

15 » Sweat on sternum and dorsal — 
surfaces feet 

20 Pin-points of sweat on cheeks — 

25 Pin- a of sweat around — 

nip 

30 peti agama , temples Cheek and forehead red; no sweat 
and 

40 Sweat on inner thigh and Increased respiratory rate 
around navel 

60 Massive sweating first on sternum, Panting definite; very restless 
a band around the waist and 
dorsal surfaces of feet, shins, 

70 seost poe and legs Skin red and dry, iall 
weat on outer y on 
up to knees forehead. Very | 

v panting + + + (greatly increased) 

80 Confluence of sweat 9% 

90-100 Generalized sweating and _ 


apprehensive 
36° C in the first 15-20 min and then remained relatively steady for the rest 
_ of the exposure. Toe temperature took longer to rise to this level and its doing 
80 coincided with the outbreak of generalized sweating. Average 7, in the 
steady state was 35-4°C. Skin temperature of the T8 lesion patient rose in 
much the same way but to a higher level initially. At the 40th minute, how- 


_ @ver, sweating became generalized and profuse above the level of the lesion 
26-2 
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and the forehead and trunk temperatures fell drastically. Temperature of the 
toe and the skin below the lesion continued to rise above 36° C. The mean skin 
temperature of the 7'8 patient during sweating was 35-7° C. Skin temperatures 
of the cervical-lesion patients rose rapidly above 37° C and then tended slowly 
towards asymptotes at temperatures between 37 and 38° C in the last hour of 
exposure. Temperatures of all areas, except the toe, were within 1° C of each 
other. Toe temperatures did not rise above 36° C. This may have been due to 
the fact that the toe was directly adjacent to the observation window which 
was opened and closed repeatedly to make observations. The skin of the 
cervical-lesion patients became scarlet and no sweat could be detected by the 
quinizarin dye method. This contrasted with the deep blue colour of the sweat 
areas in the control, and the T8 and T4 patients. 

Skin temperature and rectal temperature of the control and of the T8 lesion 
patient both reached steady levels in the last hour and hence K,,, could be 
calculated with confidence. The values 37-7 and 32-7 cal/m*/hr/° C are higher 
than those of Hardy & du Bois (1941) and are doubtless due to the higher rates 
of metabolism, 60-3 and 55-6 cal/m*/hr (Table 2). 

Both 7, and T, of the cervical-lesion patients continued to rise at dif- 
ferent rates sdisctabout the exposure. It is very difficult to estimate, under 
these conditions, the proportion of metabolic heat which is being stored in 


— central tissues and that which is transferred to the skin and superficial tissues 


and stored there, because it appeared unlikely to us that the apportioning of 
2/3 of the body tissues to 7, in calculating deep body heat is applicable under 
these hot conditions. Hence we did not consider it served any useful purpose 
to calculate K,,, in these non-steady state conditions. 

Average skin temperature of the normal man was 1-2° C below the globe 
thermometer reading in the hot box and heat was gained therefore by radiation 
and convection. The gain calculated from the temperature gradient 7, — 7, 
and the cooling constant (at 27°C) is small and probably did not exceed 
10 cal/m*/hr. This gain and the metabolic heat, 60 cal/m*/hr, must, in the 


steady-state situation, be balanced by the evaporation of sweat. Sweating in 


the control was at the rate of 200 g/hr, and this would account for a heat loss 
of 70 cal/m?/hr. Therefore heat gain and heat loss were approximately balanced. 
The cervical-lesion patients did not sweat and average skin temperatures rose 
eventually to, or just above, the globe thermometer reading. Hence heat loss 
by radiation, convection and evaporation was negligible. One would expect 


therefore that most of the metabolic heat would be stored and result in a rise 


in T, and T,. T,, in fact, rose by 1-0-1-2° C/hr and 7, more slowly. Calculating 


_ Stored heat from rise in 7, and J, and the usual weighting factors (i-c. 
_ (22,+T,)/3 the gain in heat would account for 80-90% of metabolic heat 


production. The difference may be due either to heat loss by the respiratory 
tract or to the factors apportioning heat to 7, and fo being incorrect. 
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All the subjects, the control and the patients, complained of a sense of 
suffocation in the last half hour in the hot box. The high levels of metabolism 
coincided with restlessness and apprehension on the part of the subjects. All 
the cervical-lesion patients demanded that the experiments cease at 1} hr of 
exposure. At this juncture the cervical-lesion patients had rectal temperatures 
of 38-5° C and had developed a fast panting type of respiration (Fig. 5). 


3 1 2 3 
Time (min) 


“Tig. 5. Spirometer tracing of patient case 4, in the neutral environment and at 35-37° C. 
Note the increased rate and smaller tidal volume in heat. 


DISCUSSION 


It is quite clear from these studies that patients with complete transection 
lesions of the spinal cord above the level of the thoracic sympathetic outflow, 
who have been bed-patients at the air temperatures which prevail in the non- 
air-conditioned wards in Britain, are unable to regulate body temperature 
against heat and cold as well as normal individuals. At an air temperature of 
36-37° C, rectal temperature of naked patients with cervical lesions rose to 
385° Cin 1} hr, and at an air temperature of 18-20° C fell to 35-5° Cin 14-2 hr. 
Normal man and the patient with the T8 lesion were able to regulate body 
temperature quite adequately over this range of air temperature. We have 
reservations about the general applicability of the responses of the T 4 patient 
to others with complete lesions, as we believe that certain of the sympathetic 
fibres to the toe were present. He had, however, the same rate of rise in rectal 
- temperature in heat but cooled less rapidly in cold air. 

The manner in which certain of the heat regulatory mechanisms of the 
_ patients failed in the control of body temperature, compared with the normal, 

_ are also apparent in this study. On exposure to air temperatures of 35° C, the 
subjects of Hardy & du Bois(1941) regulated body temperature mainly by means 
of sweating, buta three- to fourfold increase in conductance of heat through the 
peripheral tissues wasalsoreported. Incool air(22° C) thesubjectsof Hardy & du 
Bois initially lost heat from the periphery, but later maintained heat balance by 
an increase of metabolism due toshivering. Conductance of heat did not decrease 
- Compared with the neutral temperature zone, at 28°C. Our normal control 
_ subject had essentially the same responses as those of Hardy & du Bois, except 
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that conductance at 18-20° C was approximately half the value at 28° C. The 
difference probably liesin the fact that Hardy & du Bois calculated conductance 
during the non-steady state—i.e. when stored heat was being lost and there- 
fore M +S was quite large. On the other hand, we were unable to get a value 
for rate of heat production during shivering of our normal control and the 
value. of M that we obtained is probably much lower than the true average. 
Had the average rate of M been doubled during the steady level state, and this 
is quite likely, then the value for conductance would have been closer to that 
of Hardy & du Bois. 

The cervical-lesion cases were quite unable to sweat at 35-37°C. Skin 
temperature therefore rose to approximately the same level as air temperature 
and rectal temperature rose rapidly. Metabolism was increased considerably 


above that observed at the neutral temperature. In part it is probably due to 


restlessness and apprehension, which we were not able to allay, and probably 
in part due to the Van Hoff-Arrhenius effect of temperature on tissue meta- 
bolism. We are not able in these experiments to distinguish between the con- 
tribution of these two factors to the rise in metabolism. From the rate of rise 
in average body temperature, change in body heat was calculated, using the 
conventional oT. T. 


3 +3 


apportioning heat to deep and superficial areas. This value was relatively close 


to the rate of metabolism, which is surprising as we did not expect these factors 
to represent the proportion of tissue at 7, and J, respectively. The rate of 
heat storage (S) was 80-90% of rate of production of heat (M); it is probable 
that the difference could well be accounted for by heat loss from the respiratory 
tract. Unfortunately we were unable to weigh the cervical-lesion patients 
accurately or to assess the evaporation through the respiratory channel, and 
hence have no quantitative data on the effect of the panting which occurred 
when rectal temperatures of all three of these patients exceeded 38° C. The 
respiratory rate rose from 15 to 25 min, and tidal yolume fell from 500 to 
350 ml. The rate of rise of rectal temperature did not appear to be reduced by 
panting. This could be taken to mean that panting is not an effective channel 
of heat loss in man. It is probably a direct effect of heat on the temperature 
regulating centre and similar in this regard to what is seen in the dog on 
exposure to heat. 

On exposure of the cervical-lesion subjects to cool air the temperatures of 
hands and feet do not fall as in the normal subject and conductance is at the 


_ same value as at 27°C. Furthermore, there is a severe limitation, due to the 


large area of muscle paralysis, upon the extent to which metabolism can be 
raised by shivering. Rate of heat production is increased by only 50% even 
when the teeth were ‘chattering’ sr .This contrasts markedly with 
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the 100% increase in the T8 subject and the 200-300 % reported by Adolph 
& Molner (1946) in normal subjects exposed to cold. The failure to increase the 
conductance of the peripheral tissue and the failure to raise metabolism in the 
face of an augmented rate of heat loss from the surface at 20° C compared with 
27° C both result in a relatively rapid fall in rectal temperature. Presumably — 
at the tissue conductance values of 10 cal/m?/hr/° C and at a maximum rate 
of metabolism of 40 cal/m?/hr, rectal temperature would continue to fall until 
a 4° C gradient existed between skin and rectal temperature. We did not feel 
_ justified in testing this point because of the discomfort experienced by the 
cervical-lesion patients at a rectal temperature of 35-5° C. The value of K,,,, 
the cooling constant of Hardy & du Bois, is the same at 18-20° C as at 27° C. 
This fact lends us confidence that our experimental techniques, although much 
cruder than theirs, approach in these respects their exemplary efforts. 

At 35-37° C air temperature the patient with a lesion below T4 did not 
maintain any better control of reetal temperature than the cervical-lesion 
cases. Rectal temperature rose at exactly the same rate as in these latter 
patients. There was some sweat on the neck and head but it is clearly insufficient 
to alter materially the rate of heat loss from the body surface as the rate of 
metabolism per unit surface area was the same as those of the cervical-lesion 
patients. In cool air this patient had better control than the cervical patients, 
as judged by the fact that rectal temperature did not fall so rapidly. The rate 
of metabolism was not different from that of the cervical-lesion patients but 
_ the temperatures of both toes and fingers fell to near air temperature and hence 
conductance was decreased. The fall in toe temperature must be interpreted to 
mean that the cord lesion was not complete and that some part of the sympa- 
_ thetic vasoconstrictor fibres to the toes was intact. This was the only clinical 
sign of the incompleteness of the lesion. The rate of cooling of patients with 
a complete lesion below T 4 may therefore be greater than shown by this patient. 

The patient with a lesion below T8 behaved essentially as a homoeotherm 
in hot and cold air. In cold air toe temperature did not fall but conductance of 
peripheral tissues was essentially the same as at 27° C. Shivering increased 
- metabolism by 100% and hence heat loss was balanced by this means. In hot 
air sweating was vigorous on the skin above the lesion and the area was 

_ extensive enough for evaporation to balance the rate of heat production. 
From these studies we can conclude that patients with chronic transverse 
lesions of the spinal cord at the lower cervical segments have relatively little 
control of rectal temperature against heat or cold when exposed naked. The T4 
lesion patient is not better off in heat but appears to cool less rapidly in cold 
_ air. The T8 subject regulates as well as a normal man, despite the fact that 


___ there is no vasoconstriction to cold or sweating to heat in the lower extremities. 


Our results on temperature regulation in man are in essential agreement with 
those of Sherrington (1924) on dogs. Our observations. did not support 
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Foerster’s theory (1936) that the spinal grey matter reacts to blood temperature 


in the same way as the hypothalamus and can promote heat-regulating 


mechanisms, such as sweating. We would agree with Erickson (1939), Ranson 
(1940) and others that the disparity between Foerster’s hyperthermia and 
Holmes’s hypothermia (1915) in patients with complete lesions of the cervical 
cord is explained mainly by the difference in the method of nursing—i.e. 
whether these patients are kept in hot or cold environments. Our patients 
were conditioned to ordinary ward temperatures: hence the conclusions do not 
exclude the possibility that, had the cervical-lesion patients been conditioned 
to live in lower temperatures (say, 15-20° C), they might then have shown 
hetter adjustment to cold exposure. In this connexion, it may be remembered 
that, in Clark’s (1940) experiments, cervical spinal cats which had been kept 
for some time at 27~-30° C were more easily chilled than were the same cats 

when previously accustomed to environmental temperature at 21° C. : 


SUMMARY 


1, At a neutral air temperature, 27° C, patients with transverse spinal cord 
lesions below C6-T 1, below T4-and below T8 maintain rectal temperature 
constant at approximately 37° C. Metabolic rate, K,,;, and K,,,, are similar 
to those of normal man in the same conditions. 7 

2. In cool air, 18-20° C, the normal man and the patient with T8 lesion 
maintain constant body temperature by cooling of the extremities, an initial 
fall in body heat and a rise in metabolism due to shivering. Cervical-lesion 
subjects cool rapidly, rectal temperature falling to 35-5° C in 2 hr owing to the 
fact that shivering raises metabolism by only 50% and extremities remain 
warm, 

3. In hot air, 35-37° C, the normal and T8 men maintain a constant body 
temperature due mainly to evaporation of sweat. Cervical-lesion patients do 
not sweat over the body and rectal temperature rises rapidly to 38-5° C in 
14 hr, when distress and panting are present. 
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EXCITATION AND CONDUCTION IN THE SMOOTH MUSCLE 
OF THE ISOLATED TAENIA COLI OF THE GUINEA-PIG 


By EDITH BULBRING, G. BURNSTOCK any MOLLIE E. HOLMAN 
From the Department of Pharmacology, University of Oxford 
(Received 30 December 1957) 


The theories concerning conduction of excitation in smooth muscle may be 
divided in two groups—those based on the assumption that the cells behave as 
separate units (multi-unit theories), and those which assume that the cells behave 
as a syncytium, at least from the electrical point of view (unitary theories), 
In the multi-unit theories the spread of excitation has been suggested to take 
place within an interstitial network (Keith, 1915; Tiegs, 1925; Fischer, 1944; 
Ambache, 1947) or to be due to diffusion of a transmitter substance (Rosen- 
blueth, 1936). On the other hand, Bozler (19384, b, 1941, 1948) has been the 
chief advocate of the unitary theory and he, as well as Biilbring (1955, 1956), 
Greven (1955), Prosser, Smith & Melton, (1955), Prosser & Sperelakis (1956), 
have emphasized that conduction by an intercellular nerve network was 
unlikely. | 

Further questions remained, however; first whether the responses to elec- 
trical stimulation were ‘all-or-none’, or whether they were graded, and 
secondly, what was the mechanism of conduction. 

There is no doubt that different types of smooth muscles behave differently, 
and the present work has been carried out entirely on a spontaneously active 
type in which the problem of excitability and conduction has been investigated 
in relation to the nature and the initiation of spontaneous activity. A short 
account of some of the results has been communicated to the Physiological 
Society (Biilbring, Burnstock & Holman, 1958). 


METHODS 


Isolated intestinal smooth muscle, the taenia coli of the guinea-pig, was used in all experiments. 
A modified Krebs’s solution (Biilbring, 1953) was used throughout. 
Recording 
Intracellular electrodes. The methods have been described previously (Biilbring, 1954, 1957; 


Holman, 1958), When two micro-electrodes were used they were impaled at right angles to each 


other and at 45° to the horizontal preparation, entering the fibres radially. The resistance of the 
electrodes varied from 20 to 70MQ. 
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- Monophasic extracellular recording. The sucrose-gap method (Stampfli, 1954) was used to record 
_ from small strips of the taenia (2-0 cm length and 0-5 mm diameter), as described by Burnstock _ 
& Straub (1958), 

Diphasic extracellular recording. Strips from the superficial (serosal) surface of the taenia (of 
1:5-2°0 om long, and less than 0-5 mm in diameter) were teased off (not cut) and suspended in oil. 
_ Ag: AgCl electrodes were connected to the preparation through glass tubes containing Ringer’s 

- golution holding bristles from a natural-bristle toothbrush (Trautwein, Kuffler & Edwards, 1956) 
which made contact with the muscle over a length of less than 0-2 mm. The pair of recording 
electrodes were connected by cathode followers to the input of a balanced DC amplifier which fed 
one beam of the oscilloscope. One electrode was fixed near the caudal end of the strip and the other 
end was held by the micromanipulator and was therefore movable. A layer of oil floated on the 
 gurface of the bathing solution, and when measurements were made the level of the bathing solu- 
tion was lowered so that the muscle and electrode assembly were immersed in a layer of warmed 
Stimulating 
_ recording electrodes, were fixed about 5 mm apart, at the oral end of the strip. 

The external stimulating electrodes used in conjunction with intracellular and sucrose gap 
recording were two rings of Ag wire, 1-5-3-0 mm apart, embedded in Perspex. The taenia was 

threaded through these rings. 

When the stimulus was applied through a micro-electrode, a low-resistance electrode (10-20 MQ) 
was in the circuit 16 monitor she potential before 
and after stimulating. 

| The stimulator was of a conventional denies (square wave output) and was coupled to the pre- 
_ paration by an anode modulated RF oscillator, as described by Perkins (1955). When it was 
required to monitor the current using external electrodes a series resistance was included in the 
stimulating circuit. The voltage drop across the resistor was displayed by one beam of the oscil- 
loscope which was not isolated from earth. 


RESULTS 
Spontaneous activity 


Fig. 1 one typical: patterns of spontaneous activity. Fluctuations in spike 
shape, as described previously (Biilbring, 1957), were recorded with external 
as well as internal electrodes. In (a), obtained with wick electrodes in oil, the 
potentials varied from simple diphasic spikes, showing a constant interval 
between the peaks of negativity at each electrode, to polyphasic waves. In 
(b), obtained with the sucrose gap method, and (c), recorded intracellularly, 
large simple spikes were intermingled with complex spikes of variable size. 
Extracellular records rarely showed a completely regular discharge, but in 
individual fibres this was seen in about one third of the records (see Fig. 2b-). 

Slow rhythmic fluctuations of the membrane potential were observed in 
- both intra- and extracellular records. They occurred at the same range of 

frequency as the spike potentials but the relation between slow waves and 


s spikes was not necessarily fixed (Fig. 2a). In Fig. 2b-d the slow waves were | 


synchronous with the spikes, but while in (b) the spikes occurred during the 
rising phase of the slow waves, they occurred much later in (c). In (d) the 
_ spikes appeared to be initiated by the slow waves and ‘wiped’ them out. In 
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Ay 


Fig. 1. Spontaneous activity of guinea-pig taenia coli. (a) Extracellular diphasic recording with 

wicks in oil (electrode separation 2 mm; temp. 37° C); (6) extracellular monophasic recording 

with the sucrose-gap method (electrode separation 7 mm; temp. 34° C); (c) ne 
recording, temp. 35° C. (Records in this and Rana figures retouched). 
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Fig. 2. Patterns of spontaneous activity recorded intracellularly. For description see text. 
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_ guch records, in which the spikes were probably generated by the slow waves 
quite close to the point of impalement, the firing threshold was consistent; 
but in such records as Fig. 2a when the spikes were partly locally initiated, 
partly conducted, the firmg threshold was variable. Fig. 2e shows slow waves 
_ jn the absence of spikes. The five records serve to illustrate that spike poten- 
_ tials and slow waves could not be considered as separate events though they 
gould be recorded independently (see also Figs. 15 and 16) and had acompletely 
_ different time course. While the duration of the spikes was about 15 msec 
(mean half duration 6-75 msec according to Holman (1958)), the duration of 
the slow waves was 0-5-1 sec. 


Extracellular stimulation 


Becitability. When a spontaneously active muscle was stimulated with a 
_ single shock of 100-200 msec duration, several different effects were observed 
when recording extracellularly. On some occasions there was a brief distur- 
- bance of the spontaneous discharge shown by irregularity and a more complex 
_ shape of the spikes (Fig. 3a). On many occasions there was no detectable 
change (Fig. 36). On rare occasions the muscle responded with a single large 
 diphasic spike (Fig. 3c). Most of our preparations showed spontaneous acti- 
__ vity even if allowed to cool to 27° C. In one preparation activity was absent 


and in others there were long pauses between bursts of spikes. During in- 


activity these preparations responded to a single stimulus with a single diphasic 
_ spike with a latency proportional to the distance from the stimulating elec- 
trode (Fig. 3d). If a burst of brief pulses was. given (1-5 see, at a rate of 
_ §-15/sec, 50 msec pulse duration) an inhibition or irregularity occurred (Fig. 4). 
_ After the stimuli were stopped there was usually a short pause followed by a 
_ prolonged phase (lasting several soieebian when the frequency of the potentials 
was greater than normal. } 
_ If the muscle was stimulated with brief pulses at a rate approximating that 
_ of the spontaneous activity it was possible to set up a consistent response to 
-— each stimulus and to ‘drive’ the muscle at a constant frequency for long periods. 
__ Driving converted the most irregular discharge to a regular one. In general 
_. the first stimulus would be given out of phase with the spontaneous activity. 


) Et usually produced no effect. The second or third stimulus, however, was 


_ followed by an irregular response, and after the seventh or eighth stimulus a 
large regular diphasic spike appeared. The latency of the spikes and their 
_ configuration were unchanged as long as the driving was continned (over 
_ 2hr in one experiment). 
Fig. 5 shows records taken from three different preparations which were 
_ riven by extracellular electrodes. In Fig. 5a the spikes were recorded in oil 
with wick electrodes, in (6) the sucrose-gap method was used, and in (c) 
_ Tecording was intracellular. Under optimal stimulating conditions the greatest 
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negativity when recording in oil was 15 mV, with the sucrose-gap method 
25 mV, and with intracellular electrodes 60 mV. 

The responses to rhythmic stimulation were initiated at the cathode. The 
records in Fig. 6 were taken with wick electrodes, recording in oil, and show 
the effect of spe the 28s! of the stimulus. The oe which occurred 


Fig. 3. The effect of extracellular recording with 
_ wicks in oil. (a) During synchronous spontaneous activity stimulus caused brief disturbance 
(stimulus 150 msec, temp. 38° C); (6) during asynchronous spontaneous activity stimulus was 
ineffective; or (c) elicited diphasic spike (stimulus 150 msec, temp. 35° C); (d) during in- 
activity single stimulus elicited response of constant size and latency (stimulus 55 msec, 
temp. 33° C). 
after switching from cathodal to anodal pulses were small, complex and out of 
phase with the stimuli. On switching back to cathodal pulses spikes reappeared 
in phase with stimulation. 
It was found that the taenia could be driven satisfactorily over only a rela- 
tively small range of frequencies. At 34° C stimulation at frequencies of about 
25% above or below the spontaneous rate was ineffective, For example, in 
Fig. 7 the response to different frequencies of stimulation is illustrated. A 
rate of 36/min was too slow to drive the spikes which were unrelated to the 
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5 sec 


| Fig. 4. The effect of applying a burst of six impulses (55 msec) at 5/sec; temp. 35° C; continuous 
' record (external stimulation, extracellular recording with wicks in oil). Note brief inhibition 
and subsequent acceleration of activity. 


50 mV 


_ Fig. 5. Spikes in response to ‘driving’. External stimulation (pulse duration 55 msec). Record- 
: ing (a) extracellular in oil, 27° C; (b) by sucrose-gap method, 34° C; (c) intracellular, 35° C. 
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stimulation (a). Over a range of 48-72/min the muscle could be driven. At the 
lower driving frequencies the spikes were large and the latency short (b), while 
at the higher driving frequencies spikes were small and appeared after longer 
latencies (c). The effect of driving too fast (96/min) is shown in (¢) where only 
every other stimulus produced a spike. If stimulation was very fast (132/min) 


{ Cathodat 
1 sec 
Fig. 6. The effect of reversing the polarity of the stimulus (55 msec). External stimulation ; 
extracellular recording in oil; temp. 34° C. For description see text. : 
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| 5.sec 
Fig. 7. The effect of different rates of a stimulation (external stimulation, sucrose-gap method). 


Note that preparation could be driven at a rate between 48 and 72/mi . 4° 
further description see text. 2/min. Temp. 34° 0. For 
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all synchronous activity was abolished (e). At higher temperatures the optimal 

driving frequency, i.e. the frequency at which the spike was maximal and the 
latency constant, fluctuated from time to time and was very critical. At 
lower temperatures the optimal frequency varied less with time and the muscles 
eould be driven over a wider range of frequencies. The optimal driving rate 
fell as the temperature decreased. At 38° C frequencies of nig aes were 
ais — with 20-50/min at 30° C. 


| 10 mV 


16 12 


1 sec 

‘Big. 8. The effect of changing the stimulus duration each record); external 
| stimulation, extracellular recording in oil; stimulus strength and electrode position unaltered 
throughout; temp. 36° C. | 


_ The value of the threshold strength and duration was variable in different 
| preparations and also within the same experiment. Relatively large stimuli 
Were needed to establish driving but later the duration or strength of the 
stimulus could be reduced without changing the response. In Fig. 8 the 
_ Strength of the stimulus was kept constant while the duration was varied. — 
The threshold duration in this experiment was between 20 and 33 msec. It 
ean be seen that there was no decrease in latency or in spike amplitude as the 
duration was increased. Thus the spikes were all-or-none. Similar experiments 
Were done in which the strength of the current was varied while the duration 
‘Was kept constant. 
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Conduction. The latency was measured from the stimulus artifact to the 
foot of the spike or, in some cases, to the peak of negativity at the proximal 
electrode. Plots of latency against the distance from the stimulating electrode 
were linear for distances of over 1 cm (Fig. 9). Conduction velocity at 38° C 
varied from 6-7 to 8-8cm/sec. At lower temperatures the velocity fell. 
Within the range of 28-38° C the Q,) was approximately =2. There was no 
decrement in response over distances of up to 2-0 cm, the maximum length 
studied. 


nN 


= 


| Electrode separation (mm) 
> o oo 


100 200 
Latency (msec) 


Fig. 9. Graph showing the relation between the latency, measured from stimulus artifact to the 
peak of negativity at the proximal electrode (abscissa), and the distance of the proximal 
electrode from the stimulating electrode (ordinate). Four different preparations. 


For conduction over long distances the time of initiation of the spike, 
approximately 15 msec, is short relative to the conduction time, as can be seen — 
from the graph. Conduction velocity was therefore calculated directly from 
the measurements of latency when the distance between the stimulating 
and recording electrodes was more than 5 mm. | 

Excitability and conduction were normal when nervous participation was 
excluded by applying atropine’10-°, or by using ganglion-free strips of taenia. 
In one experiment a small strip of taenia was kept in modified Krebs’s solution 
at room temperature for 27 hr. It was allowed to ‘warm up’ for an hour at 
_37° C and then set up in oil. It still showed vigorous spontaneous activity and 
could be driven in the usual way. Conduction velocity was normal. 
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Relation between the activity of neighbouring cells 
Spontaneous activity. When the spontaneous activity of two cells within 
the same bundle and no more than 0-5 mm apart was recorded simultaneously, 
it was found that the spikes were generally discharged at the same frequency, 
but they did not necessarily coincide. This is shown in Fig. 10. At times cell A 
led cell B and vice versa. In addition, cell B appeared to be influenced by 
other sources of excitation than those affecting A. The activity in both cells. 
was irregular, but every spike in cell A was associated with a small graded 


Fig. 10. Intracellular records of spontaneous activity of two cells (A and B) within the same 
bundle, 0-5 mm apart; temp. 35° C. For description see text. _ 


- potential in cell B. This either died away without initiating a spike or it led 
_ to double spikes in B of which either the first or the second coincided with the 
spike in A, Some of the spikes in A showed very pronounced pre-potentials. 
This and other records taken with two micro-electrodes suggested that the 
activity of one cell was generally reflected to some extent in the activity of 


| another cell a few cell lengths away. The fluctuating phase difference of the 


two cells and the varying degree of pre-potentials suggested that the influence 

_ of local pace-makers'was not fixed but fluctuated from time to time and from 

place to place with respect to the two cells. — 

Intracellular stimulation. When the stimulus was applied @ micro- 
electrode of low resistance (10-20 MQ) responses could be recorded in neigh- 

bouring cells. The distance between the two micro-electrodes was determined 

in longitudinal direction, and also their position in relation to the fibre bundles 


which had an average diameter of 20. The — were of three different 
27-2 
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types. When the two electrodes were in the same bundle and not more than 
0-7 mm apart, a conducted response of a short latency, comparable to that 
observed during extracellular stimulation and proportional to distance, was 
obtained (Fig. 11a). If, however, electrodes were placed in adjacent bundles, a 
conducted response of much longer latency was recorded which was also 
constant (Fig. 116). Fig. 12 shows how, under these conditions, when the rate 
of stimulation was changed from 50 to 60/min the latency was not altered. 
When the electrodes were impaled at still greater distances, either longi- 
tudinally or laterally, a third situation was observed. Responses were recorded 
which did not show a constant latency. Nevertheless, an indirect influence 
was apparent; i.e. the rate, but not the latency of the responses, was correlated 


| so/min 60/min _ 


ig. 11 | 
Fig. 11. Intracellular stimulation (55 msec pulse duration) and recording: (a) in the same bundle 
250. apart; (b) in adjacent bundle 450, apart. Note difference in latency. Temp. 35° C. 


Fig. 12, The effect of changing the frequency of intracellular stimulation (55 msec pulse duration) 
on the response of another cell situated in an adjacent bundle, continuous record, Note 
constant latency. Temp. 36° C; , 
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with the stimuli (Figs. 13 and 14). In these conditions it was still possible to 
show that the activity was dependent on the stimulus, because, if the polarity 
of the stimulus was reversed spikes were immediately abolished and they 
a reappeared promptly on returning to normal polarity. 


13 Fig. 14 
Fig. 13. Intracellular recording: (a) spontaneous activity; (6) when stimuli at 70/min were 
applied through a micro-electrode separated by several fibre bundles, at a distance of 450. 
Temp. 36° C. 


Fig. 14. Intracellular records during stimulation (pulse duration 55 msec) through a micro- 
——~ electrode separated by several fibre bundles; temp. 36° C. Note change i in frequency but no 
| constant latency. 


Relation between slow waves and spikes during spontaneous activity 
and during electrical stimulation , | 
Records illustrating a close relation between slow waves and spikes are 
shown in Fig. 15. The spontaneous activity in (a), consisting of a mixture of 
slow waves and spikes, may be compared with the activity in (6), when the 
preparation was driven. Electrical stimulation elicited slow waves and, occa- 
sionally, these gave rise to a full spike. In Fig. 15(c), taken from another 
experiment, the gradual development from slow wave to full spike in response 
to driving is shown. 
In contrast, Fig. 16 illustrates an experiment in which the slow waves 
could be separated from the spikes elicited by stimulation. In (a) spontaneous 
spikes arose from the top of the slow waves. When stimulation was applied 
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= 
5 
| 
| 5 sec 
: ! Fig. 15. Extracellular records obtained with sucrose-gap technique; temp. 34° C. (a) Spontaneous 
a: activity showing slow waves and spikes; (b) during electrical stimulation (pulse duration 
é 55 msec) producing slow waves or spikes; (c) from another preparation, showing gradual 
a development from slow wave to spike, at the beginning of driving. — 


Fig. 16. Extracellular records obtained with sucrose-gap technique; temp. 34° C, (a) Spontaneous 
discharge of spikes from top of slow waves; (6) spikes in response to driving (pulse duration | 
55 msec), synchronous with slow waves; (c) slower rate of driving, out of phase with slow 
waves; (¢) two spontaneous spikes initiated by slow waves occurring between conducted 
spikes at end of record. Records b-d are continuous. 
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at a frequency similar to the spontaneous rate of discharge (b), the spikes 
were still synchronous with the slow waves but did not appear to be generated 
by them. This became clear in (c), when the preparation was driven at a slower 
rate and the conducted spikes were out of phase with the slow waves. In 
(d) the spontaneous spikes generated by the slow waves are seen side by side 
with the conducted spikes set up by stimulation. 


DISCUSSION 


The experiments have shown, in agreement with previous workers (Bozler, 
 1938a, b, 1941; Greven, 1956; Prosser, Sperelakis & Bergman, 1955; Prosser 
& Sperelakis, 1956) that it is possible to set up a conducted response in smooth 
muscle as shown by the linear relationship between electrode distance and 
_ latency. The conduction velocity was found to be of a similar order as that — 
reported for other smooth muscles. 

We found that a response could be set up which was conducted without 
decrement over many cell lengths, provided that (1) a large number of cells 
were stimulated, as with external electrodes and (2) the frequency of stimula- 
tion was not more than about 20% above or below the spontaneous rate of 

_ discharge. When a preparation was inactive, which was rare, a single stimulus 
produced a conducted response identical with the driven responses. 

A conducted response over a distance of only a few cell lengths was still 
obtainable if only one or a small number of cells was stimulated through a 
low resistance micro-electrode. In these conditions, however, two further 
possibilities of influencing the activity of neighbouring cells were detected. — 
First, if the recording electrode was placed in an adjacent bundle, a response 
of constant, but much longer latency was recorded. This was similar to that 
described by Brune & Kotowsky (1956), who found a conduction velocity of 
4 mm/sec for the spread of excitation during spontaneous activity in the taenia 
coli. Secondly, if the recording electrode was inserted at greater distances from 
_ the stimulating electrode, the rate of discharge might still be dictated by the 
stimulation but the latency was no longer constant. Thus, in an area of about 
15 mm diameter, the activation of one cell influenced the behaviour of another 
cell either directly, or by a more devious pathway. 

An influence between neighbouring cells was also noticeable during spon- 
taneous activity. First, the spikes recorded intracellularly showed varying 
degrees of pre-potential and arose from different potential levels, which sug- 
gested that the spike discharge recorded in each fibre was a mixture of locally 
initiated and conducted activity. Secondly, the discharge in two neighbouring © 
_ cells was found to be of the same frequency but not necessarily synchronous. 
Frequently small graded potentials were seen to occur synchronously with the 
spikes in the neighbouring cell. The time course of these abortive potentials 
_ was comparable with that of the spikes, but was quite different from that of 
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the slow waves. They appeared to be genuine membrane potentials because 


‘they could not be recorded when the electrode slipped out of the cell. 


Slow potential fluctuations—the slow waves—were always seen to occur 
spontaneously, usually at the same rate as the spike discharge. They have 
previously been recorded by Bozler (1942a, b) in the intestinal muscle from 
several species, and recently in uterine muscle by Jung (1956) and by Melton 
(1957). Bozler found that spikes could be discharged simultaneously from 
many regions in the guinea-pig intestine, and that the origin of the discharge 
was continuously variable. The spikes arose from the slow potential waves — 
which were non-conducted, regular and could be recorded ‘almost continu- 
ously and from all regions of the muscle’. Greven (1953) recorded similar 
waves and agreed with Bozler’s interpretation that they were local potentials. 
Intracellular records (Bilbring, 1957) supported this point of view. In the 
present work slow waves were recorded not only during spontaneous activity 
but also in ‘driven’ preparations. They were frequently elicited by driving. 
On many occasions, during spontaneous activity and also during electrical 
stimulation, the spikes were generated on the top of the slow waves. On other 
occasions the spikes appeared to be conducted and were out of phase —_ the 
slow waves. 

It may be that the optimal driving dacabieicr of the taenia was related to 
the frequency of the slow waves. No attempt has been made to determine 
the absolute refractory period, but the fact that pairs of spikes could be re- 
corded, separated by a few msec, suggested that it was very short and com- 
parable with the duration of the spike. The maximal rates for driving suggested _ 
that the muscle had a long relative refractory period of about 0-7 sec at 37° C. 

From our experimental results it appeared that excitation, whether ini- 
tiated spontaneously or imposed by driving, could spread in two ways. First, 
by slow waves: if these local potentials reached threshold, spikes were gener- 
ated. Local depolarization might be produced by stretch deformation resulting 
from the activity of adjoining cells. Thus each cell might be stimulated by the 
contraction of the cell behind it. Such a mechanism of interfibre spread of 
excitation has recently also been discussed for uterine muscle by West & 
Landa (1956). The second mechanism is provided by the conducted response. 
Conduction might be expected to depend partly on the properties of the region 
of contact between adjacent cells—of which nothing is known—partly on 
excitability. An important limiting factor for conduction was the spontaneous 
activity of each cell which seemed to determine not only whether a stimulus 
could set up a response, but also whether this was ‘all-or-none’ or a graded 
potential. 

The possibility of conduction through an Laneciinles 6 nerve net was un- 
likely, since the velocity was slow and not affected by atropine 10-5. Con- 
duction was normal in very small — from the superficial layers of the taenia 
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which were ganglion-free, and also i in a strip which had been kept for 27 hr at 
room. temperature. 

Since there is no histological evidence for a true muscular syncytium, an 
alternative method must exist by which excitation can pass from cell to cell. 
Fatt (1954), writing about electrical transmission at invertebrate synapses, 
described the conditions for a high degree of interaction between cells. ‘If the 
cells were actually touching, and if their membranes in the region of contact 
had a low resistance compared with that of the neighbouring parts of the cell, 
the synapse would serve to direct current between the interiors of the two 
cells while the active membrane changes would occur in neighbouring regions.’ 
This situation is implied in Bozler’s ‘unitary’ theory, and Prosser’s suggestion 
of ‘ephaptic’ conduction is consistent with this idea. Though there is no direct 
proof for such a mechanism in smooth muscle, it is the simplest explanation 
that has been put forward and appears to provide an adequate explanation for 
the experimental results. 

SUMMARY 
1, Excitability and conduction has been studied in isolated smooth muscle 
preparations from the taenia coli of the guinea-pig. | 
2. In one series of experiments stimulation was extracellular, and recording 
_ either extracellular diphasic, extracellular monophasic (sucrose-gap method) 
or intracellular. In another series of experiments stimulation was applied 
through a low resistance micro-electrode and recording was intracellular. 

3. ‘All-or-none’ responses were set up and conducted along many cell 


lengths if extracellular stimulation was applied at a frequency approximating ~ 


the rate of spontaneous discharge. The conduction velocity was 6-7-8-8 cm/ 
sec at 38° C. 

4, Responses conducted at a similar velocity were also set up by intra- 
cellular stimulation but were limited to cells within the same fibre bundle and 
to a distance of not more than 0-7 mm. Responses conducted with much 


longer latency were recorded in cells situated in adjacent bundles at a distance — 


of up to 0-5 mm. At greater distances an indirect influence was apparent, 
Le. the rate but not the latency of the responses Was. correlated with the 
stimuli. 
5. When two neighbouring cells were impaled simultaneously it was found 
that their spontaneous spike discharge was of the same frequency though not 
_ Recessarily synchronous. Locally initiated spikes alternated with conducted 
‘Spikes and the spikes in one cell were reflected as small graded potentials in 
| other cell. 

. Slow waves were frequently set up by electrical stimulation and gave 
rise * spikes, as during spontaneous activity. On other occasions the con- 
ducted spikes were out of phase with the slow waves. The role of slow waves 
for the initiation of spikes and for the spread of excitation is discussed. ~ 
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7. Both excitability and conduction were normal when nervous participa- 
tion was excluded (a) by applying atropine 10-, (b) by using ganglion-free 
strips of taenia, (c) by using a ats, apnea na which had been kept at room 
temperature for 27 hr. 

8. The experiments support the view that conduction takes place by 
electrical transmission from cell to cell. 


We wish to thank Mr O. B. Saxby and Mr D. Groves for their unfailing technical assistance. 
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THE EFFECT OF ADRENALECTOMY ON 
BONE SODIUM METABOLISM 


By D. 8. MUNRO, R. 8. SATOSKAR anv G. M. WILSON 
From the Department of Pharmacology and Therapeutics, University of Sheffield 
(Received 4 February 1958) | 
It has been appreciated for many years that the adrenal cortex plays an 


important role in sodium metabolism (Baumann & Kurland, 1927; Loeb, 


Atchley, Benedict & Leland, 1933). Many have shown that urinary sodium 
excretion increases after adrenalectomy because of diminished renal tubular 
reabsorption (Harrop, Soffer, Ellsworth & Trescher, 1933; Harrop, Weinstein, 
Soffer & Trescher, 1933; Harrison & Darrow, 1939). Others believe that this 
may not be the only route by which sodium is lost from the extracellular fluid 
and that intracellular sodium rises in adrenal insufficiency (Swingle, Parkins, 
Taylor & Hays, 1937; Grollman, 1954). Flanagan, Davis & Overman (1950) 
have speculated about bone as a possible site in which sodium ‘might be 
sequestered after adrenalectomy as they did not find any increase in intra- 
_ cellular sodium in the soft tissues. In a later investigation (Stern, Cole, Bass 
& Overman, 1951) no conclusive evidence was obtained concerning the role of 
bone and the effect of adrenalectomy on bone sodium metabolism remained 
uncertain. The effect of acute sodium depletion on bone sodium metabolism in 
rats with intact adrenal glands has already been studied (Munro, Satoskar & 
Wilson, 1957), and this work has now been extended by investigating the 
changes brought about by adrenalectomy. 


METHODS 

Male albino rats weighing between 230 and 280 g were used throughout the experiments. Adrena- 
lectomy was carried out under ether anaesthesia (Griffith & Farris, 1942). All the rats received 
a standard diet and NaCl 0-9%(w/v) solution to drink for a week after the operation. Thereafter 
the rats were divided into groups maintained on different regimes so that they received saline 
solution, a rice diet with distilled water, or cortisone acetate by intramuscular injection, in various 
combinations. The details of the diets and the methods for chemical and radioactivity measure- 
ments have been described previously (Munro et al. 1957). Either **Na or *Na was used, depending 
on availability at the time of the measurements. In all cases when bone sodium exchange was 
being measured, the rats were allowed distilled water only from the time of intraperitoneal 
_ injection of radiosodium up to the time of killing, 
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RESULTS 
In the first series of experiments, radiosodium was administered after adrenal- a 
| ectomy, and the effect of the operation on bone composition and on the — 4 
exchange of bone sodium in a 24hr period was studied in groups of rats 7 
maintained on different types of replacement therapy (Table 1). The results are a 
compared with those in rats having intact adrenal glands. qi 
Maintenance on saline. These rats were given 0-9°% NaCl solution to drink, q 
appeared healthy and were killed 10 days after the operation. During the final q 

‘a 24 hr, following radiosodium injection, distilled water only was provided. In q 
comparison with normal animals, the serum sodium was slightly reduced and a 
this difference was significant (P<0-01). The water, sodium and calcium a 
contents of the bone were not altered. The relative specific activity of bone a 
sodium was decreased slightly but significantly (P<0-01). The decrease in d 
exchangeable bone sodium was not significant. 4 


Maintenance on saline and cortisone. The rats in this group received saline 
as drinking water and cortisone acetate, 2 mg daily by intramuscular injection, 
for 10 days after adrenalectomy and were then killed. At the commencement 
of the final 24 hr, when radiosodium was injected, they-also received the final 
injection of cortisone, but thereafter were only allowed distilled water. These 
tats appeared entirely healthy and showed no biochemical abnormalities. In 
comparison with the previous group, the addition of cortisone restored the 
serum sodium concentration and the bone radiosodium exchange to the normal 
levels. 

Maintenance on rice diet. For the first week after operation the rats were 
maintained on a normal diet and saline solution. They were then changed to 
a rice diet and distilled water, and within 2 or 3 days the majority became ill. 

The chief features were inactivity and coldness. They were killed up to 145 hr 
after the change of treatment. The results in Table 1 refer to rats maintained 
36 hr or longer on the rice diet. Radiosodium was given 24 hr before the 
anticipated time of killing but some rats deteriorated rapidly and were killed 
before the radiosodium was given or before the full period of 24 hr had elapsed. 
All the rats on the restricted sodium intake lost weight; the mean loss during 
this period was 4-9 g/day. Those which were active at the time of death had 
higher serum sodium concentrations than those which were sluggish, but in all 
cases the values were depressed and the mean was significantly lower than in 
the other groups (in all cases P<0-001). The bone water and sodium were 

Significantly lower than in normal animals (P <0-001). The bone sodium fell 
Tapidly in the 2448 hr period following withdrawal of saline, but thereafter 
little further decrease was apparent, even though the serum sodium continued 
to fall (Fig. 1), | 
_ The exchange of bone sodium with radiosodium after a 24 hr equilibration — 
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period was conspicuously reduced in the adrenalectomized rats given the rice 
diet and distilled water (Table 1). Four adrenalectomized rats were killed 
whilst still active at shorter intervals after the radiosodium injection, which 
was given 48 hr after the change of diet, and the progress of bone exchange 
during these shorter equilibration periods was compared with that in normal 
rats of similar size injected at the same time (Fig. 2). In the adrenalectomized 
animals the whole process was much slower. 


280 


260 


240 


Bone sodium m-equiv/kg 


« 


100 


sodium m-equiv/I. 


30 70 110 150 
Duration of sodium restriction (hr) 


Fig. 1. The fall in bone sodium and serum sodiumin adrenalectomized rats on rice diet 
and distilled water: @, adrenalectomized rats; O, normal rats. 


Maintenance on rice diet and cortisone. In this group the rats were given 


three daily intramuscular injections of 2-5 mg cortisone. The first injection was 


given when the rice diet and distilled water were substituted for the standard 
diet and saline solution. The animals remained active and were killed after 
72 hr on the restricted saline intake. The radiosodium was injected 24 hr before 
death. The serum sodium was almost at the normal level. The bone sodium 
content was significantly reduced (P <0-001). As the relative specific activity 
of bone sodium remained within the normal range there was also a significant 
decrease j in the exchangeable bone sodium (P<0-01). 

Three rats placed on the rice diet and distilled water were given 1-25 mg 
cortisone daily and were killed after 108 hr. They remained active and in fair 
general condition while alive, and showed biochemical changes raherenenate 
between those seen in the two previous groups. 
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Hours after radiosodium injection 


Fig. 2. siinsiitheceatianio euadies and adrenalectomized (@) rats shown as a percentage 
of bone specific activity relative to blood. The rats had been on rice diet and distilled water 
for 48 hr preceding intraperitoneal injection of radiosodium given at zero time on the graph, 
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Fig. 3. Total body radioactivity in rats with *Na incorporated into bones. Measurements 
begun 16 weeks after intraperitoneal injection of Na. The dotted line indicates the day of 


adrenalectomy. Five rats received rice diet for the last 3-4 days. The cumulative loss of 
sodium in the urine during this period is shown. 
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Release of "Na from bones after adrenalectomy 1 
An the second series of experiments, the effect of adrenalectomy was studied :. 
| — in twelve rats previously given “Na so that it was incorporated in their bones. a 
Shortly after weaning thesé rats were placed on a diet of rice and distilled water, " 
and 4 days later were injected with **Na. The restricted sodium intake was f 
maintained for a further 7 days. Thereafter they were given a normal diet. 
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begun 16 weeks after intraperitoneal injection of **Na. The dotted line indicates the day of 
sham operation. Five of the rats received. rice diet for the last 4 days. The cumulative loss 

of sodium in the urine during this period is shown. 
Earlier work has shown that under these circumstances some Na is retained 
in a slowly exchanging fraction of bone sodium (Munro ¢¢ al. 1957). Measure- 
ments of whole-body radioactivity were begun 16 weeks after the radiosodium 
injection (Figs. 3, 4). After some preliminary observations, bilateral adrena- 
lectomy was carried out in six rats and in the remainder similar incisions 
were made in the back and the adrenals were exposed but left intact. All the 
rats were then given NaCl 0-9% (w/v) solution as — water and the 
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measurements were continued for a week. The rates of loss of radioactivity 
from the body after operation were not significantly different in the two groups; 
over the week the decrease in total body counts in the adrenalectomized rats 
was 16-8% +1-6 (s.z.) and in the sham-operated rats 13-8%+1-0. Finally, 
five rats from each group were placed on the diet of rice and distilled water. 
The adrenalectomized animals excreted more sodium in the urine and their 
condition rapidly deteriorated. During this period the rate of loss of *Na was 
still similar in the two groups. Measurements made on blood and bone samples 
after killing the animals confirmed that the radiosodium was confined to the 
skeleton. 
DISCUSSION 

Changes in bone composition were only seen in rats receiving a low sodium 
intake after adrenalectomy. These developed quickly in contrast to the slow 
changes, developing over several weeks, seen in normal rats placed on a salt- 
deficient diet (Munro et al. 1957). Rats receiving cortisone and saline showed 
no abnormalities. In those receiving saline only, a slight drop in serum sodium 
and in bone sodium exchange occurred, but they were given distilled water 
only, during the 24 hr period following the injection of radiosodium, and a — 
minor degree of sodium depletion may have developed during this time. In the 


rats receiving a severely restricted sodium intake and cortisone, the changes 


resembled, but were not quite so severe as, those produced in rats with intact 
adrenal glands depleted of sodium by peritoneal lavage (Munro et al. 1957). 
The total bone sodium, the bone water and the serum sodium were all reduced, 


but the bone sodium specific activity relative to blood remained within the 


normal range, Adrenalectomy followed by sodium restriction and no replace- 
ment therapy produced the most severe decreases in serum sodium and in bone 
sodium content. The striking feature in this group was the fall in bone sodium 
exchange with radiosodium, and this contrasts sharply with the observations 
in the cortisone-treated, salt-deprived group, and in the salt-depleted rats with 
intact adrenals. The reason for this difference is not immediately apparent but 
a similar finding was reported in an adrenalectomized dog (Stern et al. 1951). 
An early decrease in total bone sodium content occurred, but after 48 hr on 
the sodium-deficient diet there was no further release of sodium from the bone. 
In most cases the radiosodium was only injected during this latter period after 
the fall in bone sodium content had occurred. The diminished entry of radio- 
sodium into the bone, the cessation of release of sodium from the bone and the 
considerable decrease in bone water suggest that circulatory deficiency in the 
bone may be an explanation for the observed changes. The cold and sluggish 
condition of the rats confirrned that a considerable depression of the peripheral — 
circulation had developed. 

Previous work had shown that the release of Na embedded in infancy in 
the slowly exchanging fraction of bone sodium was not inerensed 3 in intact rats 


a 
| 
‘Be 
} 
in 
Pal 
(is 
as 
4 
aug 
We 
‘ 
4 


ADRENALECTOMY AND BONE SODIUM 445 


by giving large amounts of saline (Munro e¢ al. 1957). Similarly, adrenalectomy 
did not alter significantly over relatively short periods the rate at which #2Na 
was set free from the bones, even though urinary sodium excretion was greatly 
increased. 

The available evidence does not suggest that adrenalectomy has any primary 
effect on bone sodium metabolism. However, if salt replacement is inadequate, 
sodium may be withdrawn from the bone in an attempt to meet the deficiency, 
as in rats with intact adrenal glands. If the condition of the ratis allowed to 
deteriorate, the exchange of bone sodium with the sodium in the extracellular 
fluid is depressed and further withdrawal of sodium from bone cannot readily 
occur. 

_ The effect in man of adrenal insufficiency on bone sodium exchange is not 
known, but in health the amount of bone sodium that exchanges readily with 
sodium isotopes is fairly constant (Miller, Munro, Renschler & Wilson, 1954). 
Measurements of exchangeable sodium, made in a patient recovering from 
acute adrenal insufficiency following the administration of cortisone, showed 
an increase which exceeded the alterations observed in the extracellular fluid 
(Wilson & Miller, 1953). This may have been due partly to an increase in the 
amount of bone sodium available for exchange with radiosodium and suggests 
that the features observed in the rat and dog may have their human counterpart. 


| SUMMARY 


1. No abnormalities in bone composition or bone sodium exchange with 
- radiosodium were found in rats maintained after adrenalectomy on saline and 
cortisone acetate. The serum sodium concentration remained normal. 3 
2. A decrease in serum sodium concentration and in bone sodium and water 
content occurred in all rats not given saline to drink. Rats given a salt-deficient 
diet supplemented with cortisone acetate remained active and the bone sodium 
exchanged normally with radiosodium. Rats given a salt-deficient diet without 
cortisone became inactive and cold. They showed a deorease 1 in the rate of — 
exchange of bone sodium with radiosodium. 
3. Adrenalectomy did not alter the rate of release of Na previously 
incorporated into the slowly exchanging fraction of bone sodium. : 
4, Alterations in bone sodium metabolism only occurred after 
when sodium deficiency was allowed to develop. | 
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BONE CALCIUM AND SODIUM CONTENT AND THE 
EXCHANGE OF RADIOSODIUM IN BONES FROM 
RATS TREATED WITH THYROXINE AND 

PARATHORMONE 


| By D. 8. MUNRO, R. 8. SATOSKAR anv G. M. WILSON 
From the Department of Pharmacology and Therapeutics, University of Sheffield 
(Received 4 February 1958) 


In healthy rats the proportion of sodium relative to calcium in bone is constant 
(Munro, Satoskar & Wilson, 1957). Nevertheless, after removal of sodium from 
the body by intraperitoneal dialysis or following adrenalectomy, the amount 
of sodium in bone falls although there is no change in the calcium content 
(Munro, Satoskar & Wilson, 1957, 1958). However, little is known about the 
influence of calcium loss on bone sodium metabolism. Skeletal decalcification 
can be produced by parathormone, which increases the urinary excretion of 
calcium (Albright, Bauer, Ropes & Aub, 1929; Woods & Armstrong, 1956). 
This method has been used in the present work to determine whether there is 
any associated change in bone sodium. 

Decalcification of the skeleton has been reported i in cases of thyrotoxicosis 
(Albright et al. 1929; Aub, Bauer, Heath & Ropes, 1929; Logan, Christensen 
& Kirklin, 1942; Puppel, Gross, McCormick & Herdle, 1945; Krane, Brownell, 
Stanbury & Corrigan, 1956). Measurements of exchangeable sodium in patients 
suffering from hyperthyroidism before and after treatment have shown variable 
results difficult to interpret (Munro, Renschler & Wilson, 1958). The suggestion 
was made that some of the results might be due to alterations in the composi- 
tion of bones produced by the disease, although there is no direct information 


with regard to sodium. Accordingly, in the present series of experiments, the 
action of thyroxine and parathormone on the calcium content of bone has been 
studied in rats, and measurements have also been made of sodium content of 
bone and exchange with radiosodium. 


METHODS 


“Male albino rats were used and were weighed regularly throughout the experimental period. The 
methods of measuring the water, sodium, calcium and the radioactivity in the bones have been 
described previously (Munro et al. 1957). Serum concentrations of sodium and calcium were 
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measured by flame photometry. Parathormone was given by intramuscular injection in a dose 
of 100 U.S.P. units daily. t-Thyroxine sodium was given in drinking water in a concentration of 
500 »g/100 ml., or by intramuscular injection in a dose of up to 55 yg/day. 


RESULTS 

Effect of thyrovine on bone composition. Thyroxine was given in increasing 
doses to six rats over a period of 9 weeks. For the first 5 weeks L-thyroxine 
sodium was added to the drinking water in a concentration of 500 4g/100 ml. 
This was then supplemented by intramuscular injections of 55 yg of t-thyroxine 
sodium on alternate days for 2 weeks, and finally daily for the last 2 weeks. 
At the same time another six rats, initially of similar weight, received corre- 
sponding injections of water. Definite evidence of hyperthyroidism appeared 
in the treated rats. Their mean weight was 83% of that of the control rats by 
the end of the treatment. The rats receiving thyroxine kept discretely apart 
in their cage while the control animals commonly huddled closely together in 
one corner. At death the hearts of the treated rats were noticeably larger 
and were approximately 50% greater in weight. However, this degree of 
hyperthyroidism did not produce any definite changes in bone composition 
(Table 1). 

Effect of parathormone on bone composition and the release of **Na. The first 
observations were carried out on twelve rats each given 10c of **Na shortly 
after weaning. After a further 10-12 weeks, intraperitoneal injections of NaCl 
solution 0-9 °% (w/v) were given. This greatly increased the turnover of sodium 
in the extracellular fluid and ensured that any "Na subsequently retained was — 
exclusively in the bones. The rats were then divided into two groups of six 
and kept in two separate metabolism cages. After some prelimi measure- 
ments of whole-body radioactivity the rats in one group received five daily 
injections of 100 U.S8.P. units of parathormone, while the others were given 
injections of distilled water. At the end of this period all the rats were given 
an intraperitoneal injection of *4Na and were killed 24 hr later. The results of 
the studies of bone composition are shown in Table 2. : 

The administration of parathormone did not alter body weight. The total 
urinary excretion of calcium from the treated rats during the period of 
injections was 4-5 m-equiv, but only 0-65 m-equiv from the controls, There was 
also an increase in the urinary loss of sodium from the treated rats, which 
excreted 82 m-equiv in comparison with 55 m-equiv in the controls. The serum 
calcium level, measured on a pooled sample, was greater in the treated group 
but there was no difference in the serum sodium concentrations, The water and 
sodium contents of the bones in the two groups were not significantly different. 
The bone calcium was lower in the treated rats (P<0-001). There was no 
change in the *Na relative specific activity of bone sodium and the loss of 
Na from the bones was not increased by the parathormone injections. The 
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22Na remaining in these animals was located in the bones and no *Na radio- 
activity could be detected in the serum samples. 

A second series of observations with parathormone was then carried out on 
seven rats given “Na after weaning. The design of the experiments was similar 
except that the rats were not killed until 5 weeks after the last of the six daily 
injections of parathormone. Measurements of the loss of *Na with the whole 
body counter were continued up to the time of death. The weights of the rats 
were slightly greater than in the first series and those treated with para- 
thormone were lighter at death. Throughout the longer period of study the 
rate of loss of **Na from the body was similar in the two groups. There was 
a significant decrease in bone calcium in the rats receiving parathormone 
(P <0-02) and a slight, insignificant decrease in bone sodium. Measurements 
of blood and bone radioactivity after death again established that the *Na 
was confined to bone. 


DISCUSSION 


Some connexion between the thyroid gland and calcium metabolism has long 

been suspected (Thomson & Collip, 1932). A greatly increased excretion of 
calcium and rarefaction of bones have been noted in cases of long-standing 
thyrotoxicosis (Aub et al. 1929; Puppel et al. 1945), although skeletal decal- 
cification demonstrable radiologically is rare in this disease (Williams & 
Morgan, 1940). The administration of thyroid hormone to normal dogs pro- 
duced an increase in calcium excretion without any changes in serum calcium 
levels (Logan e al. 1942). However, severe hyperthyroidism in adult rats, 
brought about by feeding desiccated thyroid, did not cause decalcification of 
bones, nor was there any evidence of lack of calcification in rapidly growing 
- animals (Smith & McLean, 1938). Similarly, from comparison of the skeletons 
of twin sheep, one of which was thyroidectomized, Todd, Wharton & Todd 
(1938) found no modification of bone texture, weight or thickness. Bell & 
Cuthbertson (1942) observed in their experiments in rats that administration 
of thyroid gland (thyroideum siccum, B.P.) produced a greater reduction in 
soft tissue than in mineral matter, the quality of the bone being unaffected. 
Furthermore, in a chronic experiment, they did not observe any significant 
difference in the percentage of calcium in the femurs of control and thyroid- 
treated rats. Similarly, in the present experiments, there was reliable evidence 
that a severe degree of hyperthyroidism was produced in the rats, but no 
abnormalities in calcium or sodium metabolism were detected. 

It is known that the administration of parathyroid extract to rats increases 
the urinary excretion of calcium and decreases the bone calcium content 
(Thomson & Collip, 1932; Logan, 1940; Talmage, Lotz & Comar, 1953; Bacon, 
Patrick & Hansard, 1956; Woods & Armstrong, 1956). However, the results 
in rats are somewhat variable and the rat can develop resistance to the action 
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of parathormone within a few days of injection (Thomson & Collip, 1932; 
Woods & Armstrong, 1956). Following injections of parathyroid extract rapid 
resorption of bone has been demonstrated, both organic bone matrix and its 
associated bone salts being resorbed simultaneously (McLean & Bloom, 1941). 
In the rats used in the present studies the bone calcium fell after parathormone 


administration but, though the urinary loss of both sodium and calcium rose, 


there was no alteration either of bone sodium content or of the exchange of 


bone sodium with "Na or Na. Increased urinary sodium loss after para- 


thormone has also been reported by Ellsworth & Nicholson (1935). The obser- 
vations of Taylor & Moore (1956), on pullets depleted of calcium by their first 
period of egg production, showed that after severe losses of calcium the bone 
sodium content increased. The disturbance of calcium metabolism was far 


_ greater than in the present experiments on rats. It is evident that under the 


conditions of these experiments administration of neither parathormone nor 
thyroxine is followed by any striking change in bone sodium metabolism. 


SUMMARY 

1. Thyroxine given to rats in sufficient dosage to produce hyperthyroidism 
caused no definite changes in bone calcium or sodium metabolism. _ 

2. Parathormone produced a significant decrease in bone calcium content 
but there were no associated alterations in bone sodium content. The avail- 
ability of bone sodium for exchange with sodium isotopes remained within the 
normal range after the loss of calcium from the bone. 


The work was done during tenure by R.S.S. of a research fellowship granted by Glaxo 
Laboratories (India) Priv. Ltd. We are grateful for grants for the purchase of isotopes and appa- 
ratus from the Tuberculosis Research Fund of the University of Sheffield, the Endowment Fund 
of the United Sheffield Hospitals, and Glaxo Laboratories Ltd. 
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SODIUM AND POTASSIUM MOVEMENTS IN 
SHEEP ERYTHROCYTES OF DIFFERENT 
CATION COMPOSITION 


By C. R. B. JOYCE anp M. WEATHERALL © 


From the Department of Pharmacology, London Hospital 
Medical College, London, E. 1 


(Received 3 March 1958) 


It has become increasingly evident that the exchange of sodium and potassium 
by the erythrocytes of various mammalian species is less simple than was at 
first envisaged. The concept of a uniform population of cells, exchanging at 
a rate depending mainly on temperature (Raker, Taylor, Weller & Hastings, 
1950; Sheppard & Martin, 1950; Harris & Maizels, 1951; Solomon, 1952) has 
not been fully substantiated, and it has been shown that the sodium (Gold & 
Solomon, 1955; Clarkson & Maizels, 1955) and potassium (Solomon & Gold, 
1955; Joyce, Rayner & Weatherall, 1956) of human red cells are better regarded 
as consisting of at least two fractions exchanging at different rates. The 
mechanism of transport has also been divided into separate processes, 
differently affected by changes in environmental conditions, both in horse cells 
(Shaw, 1955) and human cells (Glynn, 1956). Most of these interpretations 
assume that the individual cells of a sample of blood behave uniformly, 
although there is evidence that red cells even in a single sample of blood are 
not identical in composition (Kruszyiski, 1950; Keitel, Berman, Jones & 
Maclachlan, 1955; Joyce, 1958). | 
In sheep there is considerable variation in the mean concentrations of 
sodium and potassium in the red cells of different individuals (Kerr, 1937; 
Evans, 1954), although the concentrations remain fairly constant from time to 
time in any particular animal (Evans, 1957). Whether the differences between 
animals depend on the presence of different proportions of two kinds of cell, 
one rich in sodium and one rich in potassium, or whether all the cells of a given 
animal have about the same ratio of sodium to potassium, characteristic of 
that animal, remains to be established. But it is interesting to compare the 
rates of exchange of sodium and potassium in sheep with different types of 
blood, and the results of these observations are described here. A brief pre- 
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liminary account of this work has been published elsewhere (Joyce & Weatherall, 
1957). An earlier study of the exchanges of sheep cells (Sheppard, Martin & 
Beyl, 1951) involved only one or two animals and did not give information 
about different types of blood. 

| METHODS 


Blood (30-60 ml.) was drawn from Scottish Blackface sheep at the Rowett Research Institute, 
Aberdeenshire, and clotting was prevented with heparin (Pularin, Evans Medical Supplies). 
Some of the sheep have already been referred to, under the same numbers as those used here, 
by Evans (1957). The blood was brought by rail or air to this laboratory, and used 15-30 hr after 
bleeding. Experiments were performed in conical flasks with a partition in the floor, so that blood 
(5 ml.) and radioactive saline medium (5 or 8 ml.) could be kept separate until they were mixed 
by tilting the flasks. The saline medium contained (mm): Na 143, K 5:5, Ca 1-7, Mg 1-2, Cl 128, 
HCO, 25, SO, 1-2, H,PO, 1-2, dextrose 11. Part of the NaCl or KCl used in preparing this medium 
was derived from spectroscopically pure K,CO, or Na,CO, which had been bombarded with 
neutrons (at the Atomic Research Establishment, Harwell) and dissolved in appropriate amounts 
of HCl to give neutral approximately 0-15m solutions of the chlorides. The exact composition of the 
medium during incubation was modified by the composition of the added plasma: the potassium 
concentration was particularly affected, and actual values are reported with the experimental 
results. The proportion of cells was usually 14-18 % (v/v). The medium was gassed before use with 
95% O, and 5% CO, and had a pH of 7-4. The flasks were kept in a water-bath at 37+-0-1° C, in a 
rack on which they could be tilted to mix their contents and rocked by their necks through an angle 
of 40° at a rate of 3-3 times a minute. This rate was sufficient to prevent visible sedimentation 
of the cells. From time to time samples (1 ml.) were taken into calibrated tubes, made with a wide 
upper and narrow lower section. The tubes were kept at 37° C during sampling and then centrifuged 
at, or slightly above, room temperature for 25 min at 3000 rev/min and 15 cm radius (to the 
bottom of the tube). The cells packed into the long narrow section and their volume could be 
determined from measurement against a millimetre scale. The time of beginning centrifugation 
was taken as the time of separation of cells from the medium. The supernatant fluid was removed 
and the upper part of the tube and the interface were washed twice with 0-28 m dextrose, which 
was discarded. The cells were transferred with further washings to volumetric flasks and made up 
to 50 ml. with 0-1% (v/v) 0-880 NH,OH for estimation of haemoglobin, sodium, potassium and 
radioactivity. Samples (1 ml.) of the whole suspension were diluted for similar estimations. 

In some experiments 2 ml. samples, or the entire contents of flasks in which inward movement 
of radioactive material had proceeded for a chosen period, were centrifuged at 2000 rev/min and 
14 cm radius for 3 min. A convenient volume of supernatant fluid was removed and replaced by 
an equal or larger volume of warm inactive mixture of saline and plasma in the same proportions 
as in the original medium. The resuspended cells were transferred to fresh: flasks, rocked during 
incubation and sampled as before. 

The haemoglobin content of the cell samples was estimated in a Hilger and Watts ‘Spekker’ 
absorptiometer with Chance OG! filters. Small variations in the haemoglobin content of successive 
samples were attributed to variation in the proportion of cells to supernatant in the samples, and 
estimates of the sodium and potassium content and radioactivity of the cells were adjusted to 
a standard quantity of cells accordingly. Radioactivity was estimated by duplicate counts in 
M6 liquid counters and conventional equipment (type 1014A probe unit and 1009B scaling unit, 
Dynatron Radio Ltd.). Corrections were made for background and resolving times and for radio- 
active decay. Potassium was estimated on an EEL flame photometer (Evans Electroselenium 
Ltd.): standard solutions were made up to contain approximately the concentrations of sodium 
present in the solutions to be estimated, though this precaution appeared to be unnecessary in 
the conditions in which the apparatus was used. Sodium was similarly estimated against standard 


solutions which contained the approximate concentration of Asser ge All estimates on the 
flame photometer were made in triplicate. 
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The amount of supernatant trapped by the packed cells ‘was estimated with inulin in separate 


experiments done in the standard conditions. Cells were suspended as usual, except that the | 


medium contained additionally 1-2% (w/v) inulin. 1 ml. samples were spun in the usual way. 
0-5 ml. of supernatant was removed and appropriately diluted to provide standards of comparison. 
The remaining supernatant was removed, the cell surface and the upper part of the tube gently 


’ washed twice, as usual, except that saline medium was used instead of isotonic dextrose, and the 


cells were resuspended in 1 ml. of inulin-free medium. This suspension was centrifuged and 0-5 ml. 
of the supernatant was compared with the standards, by means of the colorimetric method for 
fructose of Bacon & Bell (1948), on the “Spekker’ absorptiometer, using Ilford 602 filters. 


Hydrolysis of inulin to fructose was brought about by the reagents used in this method without | 


modification. 

Several alternative procedures for estimating the trapped volume or eliminating it appeared 
unsatisfactory. Like Clarkson & Maizels (1955), we found that T1824 in saline solution gave 
unduly high values for the trapped volume, presumably because a little dye was reversibly bound 
by the cells in these conditions. The use of “Na to label the medium (Solomon, 1952) may be 
subject to a larger error than was then suggested in view of the evidence that there is a rapidly 
exchanging fraction of the cell sodium (Clarkson & Maizels, 1955; and see below). Resuspension 
of the cells in sodium- or potassium-free media and recentrifuging has not been adopted because 
of the likelihood of losses from the cell into the medium used for resuspension. . 


RESULTS 


Volume of fluid trapped during centrifuging 
In the experiments described below, estimations have been made of the 
sodium, potassium and radioactive content of cells centrifuged from media 
containing these same materials. The estimates have been adjusted for the 
amount of material contained in that portion of the medium which is carried 
down with and trapped in the packed cell column. The results of twelve 
determinations of this volume with inulin are shown in Fig. 1. It will be seen 
that points showing the volume trapped (y) in cell columns of the size studied 
(x; 30-60 mm long, containing 0-1-0-2 ml. cells) did not lie on a straight line 
passing through the origin; but within the range relevant to the present studies 
departures from rectilinearity appeared to be small enough to be neglected and 


the adjustment made is based on the straight line which best fits the obser- 


vations, y=0-1287—0-074. For a few observations where the packed cell 
volume was less than 0-12 ml. the adjustment was based on a straight line 
from the origin to the mean of the lower group of points in Fig. 1. 


Net changes. All experiments were carried out with blood which had been 
drawn at least 15 hr previously and transported from Aberdeenshire. In most 
experiments the blood and radioactive saline were warmed to 37° C for only 


5-15 min before mixing, and in some, but not all, experiments an appreciable 
fall in the cell sodium content occurred during the first hour of incubation. 


This fall was accompanied by a decrease in the cell volume, and the concen- 


tration of sodium therefore changed less than the total content; for instance, 
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in one experiment with blood from sheep 113, the sodium concentration 
decreased from 98-3 to 95-0 m-equiv/l. cells, a fall of 3-4%, while the content 
fell by 11-8. The mean level reached after the first hour was in reasonable 
agreement with values obtained for fresh samples of blood from these animals 
(J. V. Evans, personal communication). Most experiments finished after 5-6 hr. 
When they continued through the night, up to 20% of the cells became 
haemolysed, but the concentration of sodium in those which remained was not 
significantly altered. ‘ 


0-025 


0-020} 


(ml.) 


Trapped vol. 


J 
. 0 0-05 010 015 0-20 0-25 
Cell vol. (mi.) 
Fig. 1. Trapped supernatant volume (y) for different sizes of cell column (2) in low Na, high K(O) 
and high Na, low K(@) sheep. The differences between sheep are insignificant. The line 
(y=0-1282 - 0-074) was fitted by the method of least squares. | 


TaB.E 1, Behaviour of cell sodium fractions (sheep 113, Expt. 4) 


Slow fraction Fast fraction 
Duration of Total Total A A 
incubation —_ cell *Na cell Na “Na Na “Na Na ___ Specific activity) 
(hr) (counts/min/l.) (m-equiv/l.) (counts/min/l.) (m-equiv/l.) (counts/min/l.) (m-equiv/1.) (counts/m-equr} 
0-125 29,940 107-7 460 86-1 29,480 21-6 1360 FY 
0-5 15,930 973 1940 86-1 13,990 11-2 1250 
10 10,450 94-5 3750 86-1 6,700 8-4 800 
15 19,000 950 ° 5690 86-1 13,310 8-9 1490 
Mean 1225 


Specific activity of whole suspension, 1200 counts/m-equiv. All concentrations are based on the volume of the cells 4 
1 hr: the observed concentrations at 0-125 and 0:5 hr were 99-2 and 93-7 m-equiv/lI., because the cells initially occupie 
a larger volume, The estimated quantities in the slow fraction are derived from the figures in Table 2, and those in th 
fast fraction by difference (‘total’ minus ‘slow’). : 
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. Inward sodium movement. The uptake of **Na was observed, both in cells | 


which were extruding sodium and in cells in a steady state of total sodium. 
In the former, the initial uptake was large and rapid, so that 30-45% of the 
sodium was labelled in samples taken within 8 min of mixing the blood with 
active medium (Table 1, column 2). Surprisingly, subsequent samples of cells 
contained less radioactivity and, in spite of the extrusion of sodium, the specific 
activity of the cell sodium actually declined as long as sodium was being 
extruded, after which the specific activity rose again slowly. In cells in which 
the cell sodium was steady, the initial uptake of “Na was smaller, though still 
rapid compared with the subsequent rate of gain, and the radioactivity of the 
cells subsequently increased at a slow steady rate. Such changes occurred in 
high-sodium cells and in low-sodium cells. The initial uptake of Na was up 
to four to six times greater than the amount which could be due to trapping 
of the medium among the centrifuged cells and the subsequent decline showed 
that it was not due to errors in this adjustment. This decrease was sometimes 
irregular, perhaps because of errors in cell separation and in sodium and “Na 
estimation, but the over-all decrease was too large and too consistent to be 
accounted for in this way. The cell sodium was therefore not uniformly labelled, 
and a part of it exchanged with the medium much faster than the rest. This 
part appeared to include most or all of the initially extruded sodium. As some 
*4Na was taken up rapidly, even by cells in a steady state, the fast fraction did 
not consist only of the extrudable fraction. Further evidence on this point was 


_ obtained by observing the outward movement of Na from cells loaded with 


Outward sodium movement. Outward movement of Na was followed by 
taking samples from the flasks in which cells had been taking up tracer for 
0-5 hr or 4 hr, centrifuging for about 3 min, removing as much active super- 
natant as convenient, replacing it by inactive but otherwise identical medium 
at 37° C and incubating again. Since a small amount of the original medium 
was carried over with the cells, the medium was not quite inactive, but its 
specific activity was always considerably less than that of the cells. Both at 0-5 
and 4 hr the cells lost much of their total tracer within 25 min of immersion in the 
new medium, and thereafter only the cells which had been immersed for 4 hr 
continued to lose appreciable further amounts of “Na (Fig. 2). The loss of “Na 
from the cells departed considerably from a simple exponential relationship, 


and confirmed the existence of a rapidly exchanging fraction of the cell sodium. 


Measurement of rates of sodium movement. The estimation of rates of move- 


_ ment when the ions are not homogeneous in the tissue has been discussed by 


Sheppard & Householder (1951), Rescigno (1954), Robertson (1957) and others, 
and, when there is a net change in the amount of material in the tissue, by 
Harris & Maizels (1951), Keynes & Lewis (1951), Joyce, Moore & Weatherall — 


(1954) and others. Here there are both lack of homogeneity and net movement, 
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and interpretation presents some difficulties. It is simplest to assume (and it 
will be shown that the assumption leads to a reasonable description of the 
facts) that the total cell sodium is in two fractions, and that only one of these 
varies in size. It also simplifies the interpretation to assume that there is no 
movement of material between the fractions, though nothing in the evidence 
makes this assumption essential, and alternative possibilities are considered 
later. 


Celi Na (m-equiv/I.) 


Cell 24Na_ (counts/ min/I.) 


: 


3 4 
Time (hr) 


_ Fig. 2. Inward and outward movement of “Na. Sheep 137, Expt. 3. Mean cell Na concentration 
33-6 m-equiv/l. cells. Solid line, cells in active medium throughout: expected count at 
complete exchange, 15,880. Interrupted lines, cells transferred to nearly inactive medium 
at 30-36 min (expected count at complete exchange, 260), or at 240-246 min (expected 
count at complete exchange, 320). 


L 
0 1 2 5 6 


When the cell sodium is divided into two fractions and there is no net change, 
the uptake of tracer follows a course described by the sum of two exponentials 
(Gellhorn, Merrell & Rankin, 1944; Cohn & Brues, 1945; Robertson, 1957). 
When the two cell fractions do not communicate directly with each other and 
the quantity of sodium in the medium is so large that uptake of “Na by the 


cells does not appreciably alter the specific activity of the medium, the relative | 


sizes of the fractions are determined by plotting In (1—y/y,,) against time, 
y being the radioactivity of the cells at time ¢ and y,, their radioactivity at 
the specific activity of the whole suspension. Once exchange of the fast fraction 
is complete, the points lie on a straight line, of which the slope depends on 
the rate of movement into and out of the slow fraction, and the value at the 
_ intercept measures the proportion of the total cell sodium in the slow fraction. 
This procedure can be applied also when there is sodium extrusion during the 


= 
4 
t 
* 
a 
\ 
2 \ 
Bs, 
fr 


CATIONS IN SHEEP ERYTHROCYTES 459 


early part of incubation, if, as seems likely, the changes in total sodium content 
affect only the fast fraction and if observations are used only after extrusion 
is complete. Estimates obtained in this way are summarized in Table 2. No 
estimate is given for the rates of exchange of the fast fractions as they are 
largely complete in the smallest periods studied and also are seriously affected 
by uncertainties about the exact time of separation of the cells from the 
medium. A minimal estimate can be made of the rate of uptake of sodium 
from experiments in which the suspensions were sampled and centrifuged 
within a few minutes of adding tracer, and these give figures of > 240 m-equiv/1. 


TaBLe 2. The exchange of the red cell sodium of sheep 


Total cell Na Slow fraction 
Steady Ex Movement 
Expt. At start* state on rate (m-equiv/l1. 
no. no. (m-equiv/l.) (m-equiv/l.) (per hr) _cells/hr) 

296 5 100-7 100-7 100-5 0-046 4-62 
113 4 107-7 95-0 86-1 0-037 3-18 
130 3 105-5 90-2 88-4. 0-039 3-45 
152 3 81-2 0-050 3-79 
Wwil44 5 88-5 83-8 78-5 0-055 4:32 
145 3 — 34-2 34-2 0-127 4-34 
137 3 — 28-8 26-4 0-085 2-24 
137 4 43-0 31-8 27-3 0-112 3-06 


* Within 7-5 min of beginning incubation. 


cells/hr. Since the cells were probably losing sodium at this time, they must 
have been extruding sodium at no less a rate; even the maximum rate of net 
loss observed (about 20 m-equiv/I. cells/hr.) is small in comparison and it is 
evident that the net extrusion of sodium is effected by a comparatively small 
difference between the two rates. The slow fraction exchanges at a rate which 
differs little between sheep and averages 3-76 + 0-71 (s.D.) m-equiv/l. cells/hr. 
It does not depend significantly on the amount of sodium in the cells or in the 
slow fraction (r= +0-51, P>0-1) and the rate constants have a significant 
negative correlation with the sodium contents (r= —0-90, P<0-01). 

Two checks can be made on the validity of this model. Since the fast fraction 
is assumed to exchange with the medium with great rapidity, its specific 
activity at any time after the first few minutes of incubation should be 
approximately equal to that of the medium. The data of Table 2 give the 
amount of sodium in the slow fraction and allow its Na content at any given 
time to be calculated. The amounts in the fast fraction can be obtained by 
difference. The values in Table 2 are based on observations made after incuba- 
tion for two or more hours. They are independent of earlier estimations of 
sodium and *4Na, which can therefore be used to calculate the specific activity 
__ of the fast fraction while its size is varying. Table 1 gives the results with sheep 
113 which showed the largest ‘cies in total cell sodium. It will be seen that 
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the average specific activity of the fast fraction, so estimated, is 102% of that 
of the medium. The rather large scatter of the separate estimates is hardly 
surprising, in view of the errors which may arise from imperfect separation of 
the cells and from variation in the amount of trapped medium, and it is some- 
what fortuitous that the average value is so near to that predicted by the 
model. Other experiments have shown the same sort of scatter of individual 
values and no significant difference from 100% exchange of this fraction. The 
second check is provided by the experiments on efflux, as it is possible to 
predict the expected counts of cells after transfer to a new medium on the 
assumption that the fast fraction again reaches the activity of the new medium 
within a few minutes. An approximate check of this sort can be applied by 
inspection of Fig. 2. When cells are transferred to an almost inactive medium 
(interrupted lines), the specific activity of the fast fraction rapidly becomes 
negligible. Estimates of the fast fraction made as before suggest that an initial 
loss of approximately 2500 counts/min (corresponding to the unloading of 
tracer from 3-6 m-equiv sodium/l. cells) should occur in cells transferred at 


0-5 hr and approximately 2200 counts/min (corresponding to 3-2 m-equiv 


sodium/|. cells) at later times. When these deductions are made, the initial 
steep fall in the count of cells transferred to a new medium is reasonably well 
accounted for, and the remaining activity is consistent with the expected 
behaviour of a single slowly exchanging fraction containing 92% of the steady 
cell sodium. | 

Potassium movements 

Net changes. The cell potassium of individual samples of blood aid not vary 
outside the limits of experimental error during incubation, i.e. within a range 
of +3%. There was no systematic trend in such variation as did occur, but 
the possible occurrence of regular changes of 1-2% in the cell K was not 
excluded by these observations. 

Inward movement of potassium. The uptake of #K, like the uptake of Na, 
followed a steady course after the first hour of incubation. Before this, the 
uptake was greater than expected from the later observations: and sometimes 
there was a decline in the cell radioactivity between the first sample, taken — 
within a few minutes of beginning incubation, and samples taken after } or 1 hr 
(Fig. 3). Semilogarithmic plots of (1-y/y,,) against time showed no significant 
departures from linearity between 1 and 6 hr incubation, and always crossed 
thé intercept at a point below unity. It therefore appeared that, as with 
sodium, there was a small, rapidly exchanging fraction, some of which might 
be lost from the cells during incubation but some of which persisted. On the 
assumption that the fast fraction was completely exchanged with the medium 
within a few minutes, the quantity of potassium so lost never exceeded 2%, of 
the total cell potassium, and was therefore too small to be detected by flame 
ee The persistence of some at least of the fast fraction was confirmed 
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by experiments in which cells were transferred to an inactive medium so that 
outward movement of tracer could be followed. 

Outward movement of potassium. The outward movement of “*K was followed 
in the same way as that of Na. Because the concentration of potassium in 
the medium was much lower than that of sodium, the “K carried over with 
the cells had much more effect than “Na on the specific activity of the new 
medium, and this activity was on different occasions between about one tenth © 


Cell 2K (counts/min/I.) 


Time (br) 

Fig. 3. “*K uptake by sheep erythrocytes. (@) Sheep 113, Expt. 4, mean cell K 20-6 m-equiv/l. _ 

cells. (©) Sheep 137, Expt. 4, mean cell K 81-2 m-equiv/l. cells. Range smaller than symbol _ 

where range marks absent, Expected counts when cells reach — activity of medium, 
135,000 (Sheep 113) and 252,000 (Sheep 137). 


of and twice the activity of the cells at the time of removal from the soak-in 
medium. Cells transferred at 0-5 or at 4 hr lost much tracer within 25 min of 
immersion in the néw medium (Fig. 4). 

The loss showed a paradoxical relation to the relative specific activities of 
the cells and the medium. When transferred at 0-5 hr the cells lost tracer, even 
if their specific activity was initially less than that of the medium; and if their 
specific activity was initially higher, the loss of tracer continued to well below 
_ the level of the medium. This surprising observation has also been made on 
human red cells (Solomon & Gold, 1955; C. R. B. Joyce & M. Weatherall, 
_ unpublished) but it is more marked and more easily demonstrated in sheep 

_ cells. When the cells are transferred at 4 hr they rapidly lose about half their 
tracer content: the absolute loss is of a similar magnitude to that which occurs 
when they are transferred at 0-5 hr. This relationship between the specific 
activity of the medium and that of the cells is explicable only if the latter is 


an average derived from some cells, or some ashe of the cells, whose specific 
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activity is higher, and some whose specific activity is lower, than that of the 
medium. The fall would then be due to a greater loss of tracer from the highly 
labelled fraction than uptake by the remainder. 

Measurement of rates of potassium movement. The procedure which has been 
adopted in interpreting sodium movements can also be applied to the results 
with potassium. The estimation of the movement rates is slightly complicated 


because the volume and concentration of potassium in the medium were © 


sufficiently small for its specific activity to decline considerably during the 


3 


8 


Cell 42K Tcounts/min/I. 


3 a 
Time (hr) 


Fig. 4. Uptake and loss of “*K by sheep erythrocytes. Sheep 152, Expt. 2, mean cell K concen- 


tration 27-7 m-equiv/l. cells. Solid line, cells in active medium throughout: expected count 
at complete exchange, 57,460. Interrupted lines, cells transferred to less active medium at 
30-36 min, or + + 240-246 min. Dotted lines show expected final count of cells so transferred. 


experiments. The observed rate constants and relative sizes of the two fractions 
therefore require some adjustment (Robertson, 1957). The relative sizes of the 
fractions and the rates of movement into and from the slow fraction for various 
samples of blood are shown in Table 3. As with sodium, the rate of movement 
between the medium and the fast fraction is too rapid to estimate, and there 
is possibly some initial fluctuation in the size of this fraction, as shown by 
a larger initial uptake of “*K (Fig. 5) than that predicted by the values tabu- 
lated. Apart from these initial changes, the fast fraction contained 1-0 + 0-53 
(s.D) m-equiv/I. cells, with no relation to the total concentration of potassium 
in the cells or to such variation as was observed when blood from the same 
sheep was examined on different occasions. Consequently, the slow fraction is 
mainly responsible for the variation in cell potassium between animals. The 
rate of potassium movement to and from this fraction showed comparatively 
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little variation in spite of the considerable differences in the quantities of 
potassium in the fraction. The lowest movement rate was 0-23 and the highest 
was 0-85 m-equiv/lI. cells/hr (the latter value being the mean of two experiments 
on blood from the same sheep, 130). The blood from sheep 130 was exceptional 
in that it had the lowest concentration of potassium in its cells, barely higher 
than that of its plasma: also the total sodium plus potassium content of its 


( blood in a steady state was only 98 m-equiv/l. cells, about 12 m-equiv/l. below 


the average or 7 m-equiv/l. below the minimum observed in any other animal, 


TaBiE 3. The exchange of red cell potassium of sheep = 
Slow fraction 


Sheep Expt. MediumK Coll K 
um iv/l. 


130 1 5-0 7-4 63 0-80 
130 2 4-7 77 6-5 0-90 
296 20-0 0-23 
6-4 20-6 20-0 0:30 
5-9 27-7 26-9 0:36 

3 8 8-0 43-7 42-7 0-24 
68 8 8-0 79-5 77-1 0-39 
145 l 9-6 706 69-3 0-35 
145 2 7:8 80°7 79-6 0-31 
137 2 54 85-0 84-6 0-51 
137 4 6-3 80-3 80-1 0-60 


and the blood showed appreciable haemolysis on arrival on each occasion, 


unlike that of any other animal. This sheep has already been described by 


Evans (1957): though grouped with other low-potassium sheep as Kez, its cells 
behave differently enough to suggest separate classification. The single sheep 
studied by Sheppard et al. (1951) appears to be similar in its very low potassium 
content, lack of homogeneity and liability to haemolysis. Apart from the 
blood from sheep 130, Table 3 shows slight positive correlation between the 
potassium content of the cells or of the slow fraction and the movement rate 
from it; the correlation (even omitting sheep 130) is not statistically significant 
(r= +0-479, P=0-2) and the results give little support to any hypothesis 
suggesting that the efflux is proportional to the internal potassium concen- 
tration. 
Observations on cells incubated for longer periods 

In two experiments (5 and 8) incubation was continued through the night 
and samples were taken after 18 or 22 hr. In these samples 15-20% of the 
cells had become haemolysed. The concentration of sodium and potassium in 
the remaining cells did not differ appreciably from the mean concentration 
between 2 and 4 hr incubation. The “Na content of the cells was slightly 
greater, and that of “K was slightly less, than the amount estimated by extra- 
polation from the early observations, but none of the observed values lay 
outside the limits of confidence (P =0-05) of the expected values. 
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DISCUSSION 


These results confirm the observations of Sheppard et al. (1951) upon non- 


— homogeneity in the sodium of sheep blood cells, and extend them to potassium 


as well. It is desirable to consider possible causes. The departures from a 
simple exponential uptake of tracer are much too large and consistent to be 
due to experimental errors, as are the observations of movement of tracer out 


_ of the cells into a medium of higher specific activity than the average for the 


cells. The fast fractions are not due to errors in the estimate of trapped volume: 
a fast fraction of 1 m-equiv potassium/l. cells would require that the cells 
trapped about a sixth of their volume of medium, which is improbably large, 
apart from the evidence of the inulin determinations. Also, if the fast fraction 
were due to trapped medium, the fast fraction of sodium would be related in 
size to the fast fraction of potassium in the same proportion as their con- 
centrations in the medium; whereas the sodium fast fraction is of the same 
order of size or sometimes even smaller than that of potassium. It is most 
improbable that white cells are responsible for the fast fraction, because 
experiments were done under conditions in which few leucocytes are likely 
to have survived, and no buffy coat appeared in the cell columns when they 
were centrifuged. Also, the amount of cation, particularly sodium, which 


exchanged rapidly would have to be present in an improbably high concentra- 


tion to be contained in white cells, even if their number approached that of 
fresh blood. The same arguments apply even more strongly to the platelets. 


It follows that the rapidly exchanging sodium and potassium is associated with 


the red cells, though no evidence has been obtained about how it is associated. 
It may not be uniformly distributed, as it is known that the ionic composition 


of the erythrocytes of a given individual is not uniform (Kruszyrski, 1950; 


Keitel et al. 1955; Joyce, 1958). 

On the other hand, the rapidity of the initial exchange suggests that the ions 
participating in it may be at the cell surface rather than intracellular. The 
variation in size of the fast fraction is also in better accord with the concept 
that it lies near the surface of all the cells than that it is located in a small 
number of special cells, which would have to change their sodium content 
twofold or more to account for the observed variations. Harris & Prankerd 
(1957) have pointed out that there is good agreement between numerous 
observations on sodium and potassium movements, particularly in human red 
cells, and those to be expected if superficial ions are more accessible than those 
situated deeply within cells in which diffusion is slow. Such a model leads to 
equations in which the uptake of tracer is linearly related to the square root 
of time, and the output after transferring the cells to a new medium has a 
similar but slightly more complex relation to the times of immersion in each 
medium (Harris & Prankerd, 1957). The present observations on uptake are 
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quite well described by such a function, but the observed output after transfer 
to an inactive medium failed to follow the theoretical course, being consistently 
too rapid at first and too slow later. The disagreement is large enough to make 
estimation of parameters describing the properties of the cells on this model 
rather unsatisfactory, but it is much less than the disparity with the expected 
behaviour of a population of uniform cells, and not much greater than the 
deviations observed from the two-fraction model described here. 

If the rapidly exchangeable ions are at the cell surface and lie on the pathway 
between the medium and the slowly exchangeable ions, slight revision of the 
tabulated estimates of the size of the fractions and their movement rates is 
desirable, as the estimates are based on the assumption that both fractions 
communicate only with the medium. However, with differences in rate as 
large as those observed here, estimation of the sizes of the fractions and the 
slow movement rates are little affected by assuming the alternative spatial 
arrangement, and the possible error is not of much immediate importance. 

A corollary of these observations is that a fast fraction with the properties 
described here is likely to be overlooked in any experiments performed on cells 
_ which are washed between removal from the experimental medium and esti- 
mation of their tracer content. Such a fraction seems not to be peculiar to 
sheep, for a rapidly exchanging component has been observed in human 
erythrocytes by Sheppard et al. (1951), Clarkson & Maizels (1955) and ourselves 
(Joyce et al, 1956). Estimations of the rates of sodium movement are of course 
subject to considerable error if unwarranted assumptions of homogeneity are 

made and the tracer content of the fast fraction is eliminated by washing. 

' The properties of the less readily exchangeable sodium and potassium are 
not easy to examine because the more rapid movements tend to obscure the 
situation. As changes in the amount of rapidly exchanging sodium are 
associated with changes in cell volume, it is unwise to make assumptions about 
the relationship of the cell water to either fraction. Likewise, it is inappropriate 
to relate the movement rates to unit area of cell membrane while the physical 
basis of each fraction, or of the gradation from easily to less easily exchangeable 
ions, is not established, The present results are consistent with dissolved ions 
separated from the medium by a membrane of low permeability or with 
adsorbed ions diffusing to and from special sites in: the cells. In the first case 
the differences between high-sodium and high-potassium cells would be due to 
differences in the cell walls; in the second case, to differences in the cell receptors 
which adsorb the ions. Further study of these cells will peas distinguish 
such possibilities. 
SUMMARY 

1, laa and outward movement of *4Na and “*K have been followed in 
the blood cells of sheep with either high or low intracellular sodium concen- 
tration. 
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2. All measurements were made on cells as centrifuged from the incubation 
medium, with corrections based on inulin determinations for medium trapped 
in the packed cell column. 

3. Changes of cell potassium concentration during incubation were small 
and unsystematic. Cell sodium frequently declined during the first hour. 

4, The uptake of Na and “K was initially very rapid and usually followed 
by a period in which the cells lost tracer. After 1-2 hr the cell tracer content 
rose again and continued to do so for at least 24 hr. 
 §. The results are interpreted as indicating fast and slow fractions of the 
cell sodium and potassium. The potassium fast fraction contains 0-5-2-4 m- 
equiv/l. cells. The sodium fraction contains 0-9 m-equiv/l. cells. These values, 
are not correlated with the total sodium or potassium content of the cells or 
with each other. 7 

6. Movements to and from the fast fraction were too rapid for setimation. 
Movements to and from the slow fraction were not significantly correlated with 
cell sodium or potassium concentrations, and were between 2-2 and 4-6 m- 
equiv/l. cells/hr for sodium and between 0-2 and 0-9 m-equiv/I. cells/hr for 
potassium. 

7. Cell tracer content at 24 hr did not differ significantly from that to be 
expected if the contents of the slow fraction had continued to exchange at the 
rate calculated from the early observations. . 

_ 8. The significance of these results is discussed. 


We are greatly indebted to Dr J. V. Evans and his colleagues at the Rowett Research Institute 
for much helpful advice and for supplying all the samples of blood. This work was made possible 
by grants from the Medical Research Council and the Central Research Fund for the University 
of London. 
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THE EFFECT OF POSTERIOR PITUITARY HORMONES ON 
THE EXCRETION OF ELECTROLYTES, IN DOGS 


By F. P, BROOKS* anp MARY PICKFORD 
From the Department of Physiology, University of Edinburgh 


_ (Received 4 March 1958) 


The oxytocic substance of posterior pituitary extracts is normally present in 
equal amounts in both sexes (van Dyke, Adamsons & Engel, 1955), So far two 
physiological functions have been ascribed to oxytocin, namely, as one of the 
factors causing contraction of the uterus in parturition, and as the factor 
responsible for contraction of the mammary myo-epithelial cells in lactation. 


. Several workers have tried to find some other function for this substance. 


Positive results were obtained by Dicker & Heller (1946) who reported that 
when Pitocin (oxytocin; Parke, Davis) was given subcutaneously to rats in 
doses of 3 m-u/100 g rat, glomerular filtration rate (c.¥.R.) and renal plasma 
flow (R.P.F.) were increased and Cl reabsorption diminished. Demunbrun, 
Keller, Levkoff & Purser (1954) observed that Pitocin and du Vigneaud’s 
highly purified oxytocin when infused intravenously in large amounts, or given 
subcutaneously in doses of 2~7-5i.u., raised renal clearances in dogs with 
diabetes insipidus, and they suggested that one of the normal functions of 
oxytocin was to maintain renal blood flow. Brunner, Kuschinsky & Peters 
(1956) gave doses of 1-50 m-u. oxytocic extract subcutaneously to rats and 
observed that following hydration with saline solutions, or when the animals 
were dehydrated, the extract acted as a diuretic and increased Na seca K 
excretion in parallel with the increase in rate of urine flow. 

The experiments described below were made in another attempt to find out 
whether oxytocin has some other function than its acknowledged and inter- 
mittent ones and whether there is a physiological interdependence of vaso- 
pressin and oxytocin. The latter question arises since it has been observed that 
whatever stimulus is applied to the posterior pituitary—electric, suckling, 
osmotic etc.—the gland liberates simultaneously both the vasopressor and 
oxytocic factors, and that the oxytocic one is liberated in greater amounts 
than the vasopressor by about 4-20 times (Harris, 1955). It was therefore 
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decided to use vasopressin in doses which caused maximal antidiuresis during 
water diuresis and oxytocin in amounts 20-30 times greater. This proportion 
between the two substances was chosen in consideration of the results of 
Abrahams & Pickford (1954), who found that in dogs, in response to an osmotic 
stimulus, renal and uterine activity were changed to an extent which could be 
matched by the intravenous injection of a mixture of less than 5 m-u. vaso- 
pressin (Pitressin; Parke, Davis) and 80-100 m-u. Pitocin. Experiments were 
made on the effect of these two substances given singly or in combination on 
the rate of urine flow, the excretion of Na, K and Cl and on renal clearances. 
Preliminary experiments using commercial preparations (Pitressin and Pitocin) 
showed that there appeared to be marked differences between the effects of 
these two substances, depending on whether they were given during water 
diuresis or in the non-diuretic state (Brooks & Pickford, 1956). The present 
paper is concerned almost entirely with the actions of natural highly purified 
yasopressin and oxytocin, and the synthetic oxytocin, Syntocinon (Sandoz). 
In no instance was any difference noted between the actions of purified and 
synthetic oxytocin. Some of the earlier results have already been reported 
(Brooks & Pickford, 1957). 
METHODS 


The experiments were made on conscious bitches and always in the afternoon. Most of the obser- 

vations were made on five animals, but a number were made on several others as well. The points 
noted were the excretion rates of water, Na and K, and sometimes Cl, and the clearances of 
creatinine and diodone. All dogs were regularly hydrated in the morning with 250-300 ml. water. 


Observations were made 2}~2} hr later in the afternoon. Water diuresis was induced by a second | 


oral administration of 200-350 ml. water according to the size of the dog, the small volume being 
given to dogs of 8-9 kg body weight, and the larger volumes to dogs up to 19 kg. A number of 
observations were made at a resting or low rate of urine flow, which means that the dogs were 
hydrated in the morning as usual, but were not given an afternoon dose of water, i.e. they were 
non-diuretic but certainly not dehydrated, Urine samples were usually collected over 10 min 
periods and the method of urine collection was, as before, from an intravesical catheter (Abrahams 
& Pickford, 1954), the only difference being that the dead space of the urine collecting system was 
reduced as far as possible by emptying the external part of the urethral catheter at the end of 


each urine collection period by blowing air through it from a T-piece inserted at the site of 


emergence of the catheter from the vagina. The diet of the animals was always of roughly the 


same composition, with a constant measure of NaCl added. There were occasional fluctuations in 


the basal level of the excretion of Na and Cl which were found to be due to the salt content of the 
batch of dried meat in use at a given time. ? 

of two routes: 
(a) by intravenous infusion at 3 ml./hr following an intravenous priming dose, the strength of the 
solutions being adjusted according to the sizé of the dog to produce and maintain a creatinine 
concentration of 25-35 mg/100 ml. plasma, and a diodone I, concentration of 1-3 mg/100ml. 
plasma; 
(6) by subcutaneous injection, again according to the size of the dog, of 3-4 g creatinine diluted 
in water to 100-120 ml. to which was added 9-12 ml. of a 35% w/v solution of diodone. Owing to 
its bulk the mixture was injected at two or three sites. Observations begun 1}-1} hr later showed 
| that by then an adequate concentration of both substances was present in the plasma and was 
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maintained for another 1-1} hr at least. If it was found that a considerable change in concentra. 
tion had occurred at any time, the related results were discarded. Experience showed that with 
care as to timing similar results were obtained whichever route was used for administration of the 
test substances. In all calculations for clearance values, the concentration in plasma was taken 
as that occurring 2} min before the mid point of the urine collection period (Chinard, 1955), 
However, the adjustments made were small, and never altered the general conclusions. 

Operations. In all animals the perineum was slit dorsally to make the urethra easily accessible. 
For the production of diabetes insipidus the hypothalamus was approached transorally and a 
shallow semicircular incision was made in the floor of the hypothalamus just posterior to the optic _ 
chiasma, aimed at section of the supraoptico-hypophysial tracts. As on previous occasions 
(Abrahams & Pickford, 1954), the degree of polyuria was gauged by the volume of the water 
intake. After death, sections of the kidneys and serial sections of the hypothalamus and pituitary 
were examined histologically (Abrahams & Pickford, 1954). | 

Chemical estimations. Na and K were estimated by means of an EEL flame photometer, Cl by | 
the method of Prout-Winter as described by Cole (1919), and creatinine and diodone as Sonacibor 
by Ali (1958). 

Injections. Vasopressin and oxytocin were injected either intravenously or into a common 
carotid artery exteriorized in a sleeve of skin and with its sinus denervated. 

Highly purifjed argini in and oxytocin were g ly supplied by Dr V.du Vigneaud 
and Dr H. B. van Dyke, nd ‘syathetio oxytocin by Messrs Sandoz. These substances will be 
referred to as vasopressin and oxytocin. The commercial extracts used were those of Messrs Parke, 
Davis and Co. and will be referred to as Pitressin and Pitocin. 


RESULTS 
Observations on normal dogs 


Control observations showed that all the dogs used behaved asia: with 
regard to the excretion of water, Na, K and Cl (Ali e¢ al. 1958). Thus, in water 
diuresis 85-90% of the volume of water given was excreted in 2 hr; when the 
tate of Na and Cl excretion was initially high, it fell to attain a steady level 
30-40 min after the onset of diuresis; when the initial rate of loss of these ions 
was low, it remained low; the rate of K excretion might parallel that of Na 
and Cl or remain steady throughout. At the resting rate of urine flow a steady 
state of water and electrolyte excretion was reached in 35-40 min after the 
initial handling and maintained until the dog became restless, usually not 
before 2 hr had passed. At neither high nor low rates of urine flow were the 
steady states disturbed by control injections of 1 ml. 0:9° NaCl solution. 
Effect of intravenously administered vasopressin. During water diuresis a 
single intravenous injection of vasopressin was followed in seventeen out of 
nineteen experiments by an increase in Na, K (and Cl) excretion as shown in 
Fig. 1, and in the remaining two experiments the vasopressin seemed to 
cut short a steady fall in electrolyte excretion. On the average Na loss was 
raised by 2-3 times for a period of 20-30 min. Once only a great increase in 
Na loss was seen, with a rise from 43 to 270 pequiv/min for a 10 min period. 
The effect of infusions of vasopressin was similar in kind to that of single 


injections; the increase in Na loss lasted for the period of infusion and fell 
slowly thereafter (Fig. 2). 
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. At a resting rate of urine flow the effect of vasopressin varied; five times out 
of ten it caused no increase in Na, K or Cl excretion, and five times a small rise 


was seen as in Fig. 1. All these results are like those reported by Anslow & 
Wesson (1955). | 
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Fig. 1. Effect of vasopressin on water, Na and K excretion. O—QO, Water diuresis, 250 ml. water 


by mouth at zero time; @—®@, resting flow. At arrows in both curves 0-25 m-u./kg vaso- 
pressin intravenously. 


Effect of intravenously administered oxytocin. Fig. 3 shows the effect of single 
intravenous injections of oxytocin on water, Na, K and Cl excretion during 
water diuresis and at a resting rate of urine flow. In thirteen observations 
made during diuresis oxytocin in doses up to 6 m-u./kg induced the moderate 
antidiuresis already reported by van Dyke et al. (1955), but it never caused 


_ any immediate increase in Na, K or Cl loss (Fig. 3) though three times it stayed 


the fall in output which may occur in control observations on water diuresis. 
However, with doses of the order of 7-5-20 m-u./kg (five additional observa- 
tions) the rate of excretion of both Na and Cl was accelerated. 

In twenty-three observations made at a low rate of urine flow oxytocin 
caused an immediate and, on twenty-one of these occasions, also a delayed 


increase in the loss of Na and Cl, as shown in Fig. 3. This delayed increase was 
| greater than any seen towards the end of control curves. The immediate 
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response to oxytocin, a two- to fourfold rise in Na output, was unaffected by 
the initial excretion rate, which was usually 10-20 pequiv Na/min. The lowest 
observed initial excretion rate of Na was 4 wequiv Na/min, which rose after 
an injection of oxytocin to a plateau of 32-34 wequiv Na/min, and the highest 
observed initial excretion rate was 86 wequiv Na/min with an increase to 
240 equiv Na/min for 20 min. There was an immediate enhancement of K 
loss on thirteen occasions, but only three times was a delayed increase seen. 
On the remaining occasions K loss was unaffected. 


Urine flow 
2} 


10} 

20 40 60 80 100 120 
Time (min) 


Fig. 2. Effect of infusion of vasopressin on water, Na and K excretion. Infusions during periods 
shown by broken lines. O—QO, Water diuresis 250 ml. water by mouth at zero time; 
0-012 m-u./kg/min vasopressin. @—@, Resting flow; 0-024 m-u./kg/min vasopressin. 


- ‘The effect of infusions of oxytocin was similar to that of single injections, 


and any response seen out-lasted the period of infusion (Fig. 4). 


Tests were also made using small doses of oxytocin from 0-55-2-35 m-u./kg. 
Both during water diuresis and at a low rate of flow the changes which occurred 
in Na and K excretion could not be considered significant. 

The effect of intracarotid injections of vasopressin and oxytocin. Since the 
hypothalamus and anterior pituitary, via the adrenal cortex, may be concerned 
in the control of electrolyte balance, the possibility existed that some of the 
results described were due to central actions of vasopressin and oxytocin. To 
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test this, small doses of posterior lobe hormones were injected into the carotid 
artery and the renal response noted. The following observations were all made 
on one dog. Control injections of 2 ml. 0-9°% NaCl solution into the carotid 


artery were without effect on the rate of flow or composition of the urine. 


Urine flow 


mi./min 


S$ 8 


p-equiv/min 


Time (min) 
Fig. 3. Effect of oxytocin on water, Na, K and Cl excretion. Intravenous injections at arrows. 


O—O, Water diuresis, 250 ml. water by mouth at zero time; 4 m-u./kg. @—@, Resting 
flow; 6 m-u./kg. © 


Various doses of oxytocin were tried and it was found that 20 and 10 m-u. 
caused obvious disturbances in the form of coughing and gasping. This effect 


_ Must have been central in origin since far larger doses injected intravenously 


had no such action. No observable general reaction followed the injection of 
5 or 2-5 m-u., i.e. 0-31 and 0-15 m-u./kg. . 
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When the rate of urine flow was low, 2°5 m-u. oxytocin (two experiments) 
produced a slight increase in the excretion rate of Na, but on all of four occa- 
sions 5 m-u. clearly increased the urinary loss of Na and Cl (Fig. 5) and three 
out of four times that of K also. Further, on three of these occasions there was 
a delayed rise in excretion of Na (Fig. 5) and Cl similar to that seen following 
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Fig. 4. Effect of infusion of oxytocin on water, Na and K excretion. Infusions during periods 
shown by broken lines. O—©O, Water diuresis, 250 ml. water by mouth at zero time; 
0-12 m-u./kg/min oxytocin. @—@, Resting flow; 0-19 m-u./kg/min oxytocin. 


intravenous injections of oxytocin. When 5 m-u. was injected (five experiments) 
during water diuresis there followed a decrease in the rate of Na excretion with 
only a passing change in the rate of urine flow (Fig. 5). 

Two intracarotid injections of 0-2 m-u. vasopressin were without effect on 
urinary rate or composition. 
Effect of intravascular injections of mixtures of vasopressin and oxytocin. 
Since there is evidence (Harris, 1955) that both vasopressin and oxytocin are 
liberated simultaneously when the posterior lobe is stimulated, mixtures of the 
two hormones in ratios from 1:20 to 1:30 were injected intravenously on 
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twenty-one occasions (twelve times during diuresis and nine times at a low 


tate of urine flow), and into the carotid artery seven times (three times during 
diuresis and four times at resting flow). Following the intravenous injections 


electrolyte loss was increased both during water diuresis and at the low rate 


Urine flow 


ml./min 


p-equiv/min | 


' 


20 40 60 80 100 += 120 
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Fig. 5. Effect of intracarotid injection of oxytocin on water, Na and K excretion (Chris). O—O, 


Water diuresis, 350 ml. water by mouth at zero time. @—@, Resting flow. At arrow, in ~ 


both curves, 5 m-u. oxytocin. . 


of flow (Fig. 6). During diuresis the mixture caused as great a degree 
of antidiuresis as when vasopressin was given alone, but recovery set in 
rather sooner (Fig. 6), Ali (1958) noticed a similar phenomenon in his 
dogs. 
When mixtures of vasopressin and oxytocin were injected into the carotid 
artery, renal activity was unchanged during diuresis (three experiments) and 
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only once was some increase in Na and Cl loss seen at a low rate of urine flow 
(four experiments). These few results suggest the existence of a centrally 
operated antagonism between vasopressin and oxytocin. 
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Fig. 6. Effect of vasopressin plus oxytocin on water, Na and K excretion. O—O, Water diuresis, 
250 ml. water by mouth at zero time; @—®@, resting flow. At arrow, in both curves, 
0-23 m-u./kg vasopressin plus 5-9 m-u./kg oxytocin injected intravenously. 


Effect of vasopressin and oxytocin on renal clearances 

Vasopressin. Maxwell & Breed (1951) found that infusions in man of small 
doses of Pitressin had no significant effect on G.¥.R. or R.P.F., though there was 
a slight downward trend in clearance of PAH(Cp,,) during the administration 
of Pitressin. Sellwood & Verney (1955) using dogs reported that Pitressin 
antidiuresis had no particular effect on either c.¥.R. or R.P.F. As far as we are 
aware no clearance measurements have been made during antidiuresis caused 
by purified vasopressin. Two tests were therefore made using this substance 
(Table 1A), and the results on the whole agreed with those of Sellwood & 
Verney (1955). On both occasions creatinine and diodone were administered 
subcutaneously. 
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Oxytocin. The effect of oxytocin on renal clearances was measured ten times 
during water diuresis and four times at a resting rate of urine flow. In the 
latter type of observation there is large room for error owing to the slow rate 
of emptying of the dead space of the urinary tract. However, following the 
administration of oxytocin, clearance changes occurred of a size which could 
not be due to error alone, and furthermore the response of the kidney was 


 TaBLE 1. Effect of posterior lobe hormones on clearances of creatinine 
and diodone in normal dogs 


Collection 
period No.* ... 3 4 5 6 7 8 9 
A. Infusion of vasopressin 


UF 27 27 208 26 O66 035 O56 OF -}2 — 
G.F.R. — 37 34 34 28 — 33 — 30 30 —_ 
R.P.F. — 114 120 95 — 102 — 113 — 


At arrow, injected 1 m-u, vasopressin intravenously and began infusion 
of 0-0015 m-u./kg/min ; infusion continued for 15 min. 


B. Single injection of oxytocin 


UF 30 $l 21 24 37 20 14 10 —- — 
G.F.R. — 6 -— 4 6 8 — 
R.P.F. — 127 210 316 2560 221 —- —- 


At arrow, 5-0 m-u./kg oxytocin injected intravenously. 


C. Single injection of vasopressin and oxytocin : 
UF 38 42 06 O8F O8 2-45 
G.F.R. 64 64 82 69 — — 66 6 60 — 
R.P.F. 162 1638 75 18 — 168 — 4187 220 19 — 


At arrow, 5-0 m-u./kg oxytocin plus 0-26 m-u./kg vasopressin injected intravenously. 


D. Infusion of oxytocin followed by infusion of oxytocin plus vasopressin 


UF 72 81 74 20 10 13 065 05 06 06 10 
G.F.R. 125 124 — — 12 18 j— 104 j— 120 


a b c 


At a injected 2 m-u,/kg oxytocin intravenously and began infusion of 0-2 m-u./kg/min oxytocin. 
At b injected 0-064 m-u./kg vasopressin intravenously and changed to infusion of 0-2 m-u./kg/min 
oxytocin plus 0-0064 m-u./kg/min vasopressin. At c ended infusion. 
* 10 min collection periods: figures indicate ml./min. UF =urine flow; a. = glomerular 
filtration rate; R.P.¥. =renal plasma flow. 


similar to that at high rates of urine flow when dead space errors were 
negligible. In doses up to 5 m-u./kg given as a single intravenous injection, 
_or0-2 m-u./kg/min as an infusion, oxytocin always markedly and for a long 


period increased R.P.F. without necessarily at the same time changing G.F.R. | 


(Table 1 B). This observation has already been reported by Brooks & Pickford 

(1957), 

Vasopressin plus oxytocin. Since 5 m-u./kg oxytocin exerted this striking 

_ effect on C,, (diodone clearance), it was obvious that this amount of oxytocin 

could not possibly be released during normal antidiuresis, in which no great 

clearance changes occur, unless its action on 8.P.¥. was antagonized by small 
30-2 
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antidiuretic doses of vasopressin. More clearance measurements were therefore 


made, fourteen at high and two at low rate of urine flow, before and after the 
intravenous injection of mixtures of vasopressin and oxytocin. All the results 
were similar. The record of one such observation is given in Table 1C, where 
it can be seen that following the injection of the mixture there was no great 
rise in R.P.F. as after oxytocin alone, but there was some delayed increase 
which was possibly due to the fact that the action of oxytocin outlasted 
that of vasopressin. On one occasion, after control periods, an infusion of 


Tax 2. Effect on renal clearances of intracarotid injections of oxytocin (units as in Table 1) 


Collection 
period No.... 3 4 5 6 7 8 9 10 il 12 
A. Normal dog 
(1) 
UF 57 48 43 46 39 — 
G.F.R. 45 44 49 43 51 50 39 — — — 
R.P.F 233 «4230 +240 242 230 195 183 
(2) 
UF 4 46 46 44 46 #43 #&1 41 #13 — 
G.F.R. -—- 62 61 54 61 53 69 52 — -~ 
R.P.F. — 194 194 $192 213 191 240 238 
(3) 
UF — 64 @4 687 S86 43 #48 190 
G.F.R. — — 60 59 57 57 55 55 60 — 
R.P.F — — 240 239 235 238 214 250 196 
B. After section of supraoptico-hypophysial tracts 
UF 561 46 46 45 43 #38 #39 26 — oo 
42 41 47-5 45 45 36 — — 
R.P.F. — 211 220 +217 213 206 167 


In each instance, at arrow, 5 m-u. oxytocin injected into carotid artery. 


oxytocin was followed immediately by the infusion of a mixture of oxytocin 
and vasopressin. The result of this experiment is shown in Table 1D. It is 
evident that in these circumstances, too, a ‘physiological’ dose of vasopressin 
was able to antagonize the effect on C,, of a much larger dose of oxytocin. 

In order to see whether oxytocin injected into the carotid artery also affected 
the renal clearances, three observations were made on the effect of 5 m-u. The 
results are shown in Table 2; no consistent change in either G.¥.R. or R.P.F. 
followed the injections. From these observations it seems that the effect of 
oxytocin on the excretion of electrolytes can be separated from its effect on 
renal blood flow. | 


Effect of vasopressin and oxytocin on arterial blood pressure 
Observations were made on three conscious dogs, in one of which blood 
pressure was measured through an arterial catheter inserted through the 
femoral artery and lying with its tip in the upper part of the abdominal aorta, 
and in the other two through cannulae which had been tied in the femoral 
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arteries under local anaesthesia. Antidiuretic doses of vasopressin (2-4 m-u.) 
had no effect on the blood pressure. To the first animal 11-8 m-u./kg oxytocin 
was given intravenously and to the others 8-3 and 6-6 m-u./kg. These doses of 
oxytocin had no effect on the blood pressure. In a dog under pentobarbitone 
anaesthesia 4-1 m-u./kg oxytocin had no effect on femoral arterial pressure and 
8-2 m-u. caused only small immediate fluctuations. These results showed that 
_ oxytocin-induced changes in R.P.F. were not accompanied by any measurable 
change in the general blood pressure. 


Observations on dogs with diabetes insipidus 

The results already described indicate that oxytocin can exert a central 
action, and that on the kidney vasopressin and oxytocin show antagonism 
with regard to antidiuresis and R.P.F. and perhaps a central antagonism 
regarding Na and Cl excretion. The second observation means that, given 
suitable circumstances, both vasopressin and oxytocin, and not vasopressin 
alone, can be shown to exert an acute action on the renal blood vessels of at least 
two normal mammals, dog and rat (Dicker & Heller, 1946). The question arises 
whether these hormones physiologically exert an antagonistic or balancing 
effect, and if so, why polyuria should be the one striking consequence of their 
absence. In an attempt to answer part of this question experiments of the 
type already described were repeated on three dogs with diabetes insipidus, 
noting their responses until the permanent phase was well established. For the 
purpose of this investigation and as a working hypothesis only, it was assumed 
that the temporary and permanent phases of polyuria were due to near or 
_ complete absence of posterior pituitary hormones, and that the interphase was 
due to liberation of stored hormones from a system undergoing atrophic 
degeneration (O’Connor, 1952). Granting this, and if either or both vasopressin 


and oxytocin are concerned in regulating renal vascular tone, then the responses’ 


of kidney during the interphase should be more nearly normal than during the 
polyuric phases, in which there is an absence or partial lack of vasopressin and 


oxytocin. Further, some information might be forthcoming regarding the 


mode of action of the hormones on Na and Cl excretion. 


_ Water and electrolyte excretion 

During the life of the dogs attempts were e made to estimate the degree of 
destruction of the supraoptico-hypophysial system by giving intravenous 
injections of 12-15 ml. 0-89 m sucrose solution during water diuresis and noting 
whether any antidiuresis followed. In two dogs, Meg and Chris, the sucrose 
solution caused no antidiuresis during the polyuric phases. In the third dog, 
Thisbe, sucrose solution caused a small short antidiuresis as against a maximal 
prolonged one when she was normal, suggesting that the hypothalamus of this 
| animal was able to liberate some antidiuretic hormone in response to an 
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osmotic stimulus. After death, it was found that in the first two dogs there 
was a marked reduction in the number of both supraoptic and paraventricular 
cells. In Thisbe the paraventricular and rostral supraoptic cells were much 
reduced but a moderate number of the caudal supraoptic cells remained. In 
all dogs the posterior lobe was shrunken and cellular. 

Polyuric phases. In all three dogs the intravenous administration Rising 
diuresis of either oxytocin or vasopressin caused a pattern of antidiuresis like 
that seen in the dogs when normal. 


mi./min 
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Fig. 7. Effect of oxytocin on water, Na and K excretion in diabetes insipidus. @—@, (Thisbe) 
Water diuresis, 300 ml. water by mouth at zero time; during period shown by broken line 


infused 0125 m-u./kg/min oxytocin intravenously. O—O, (Meg) Resting flow; at arrow 
injected 8 m-u./kg oxytocin intravenously. 


With regard to electrolyte excretion the most striking finding was the 
changed response to oxytocin. Without exception, oxytocin failed to cause — 
a rise in Na, K or Cl loss such as it induced in normal dogs at a low rate of flow; 
on the contrary it tended to cause a fall. Thus, of nine intravenous injections 
given during a low rate of urine flow, seven lowered Na and Cl excretion 
(Fig. 7), and only twice, when Pitocin and not oxytocin was used, was there 
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a small increase in electrolyte excretion. Similarly, of five injections of oxytocin 
made during diuresis, four caused a reduction in Na and Cl loss and one had 
no apparent effect. In Chris, at a resting rate of flow, intracarotid injections 


| 


Urine flow 


mi./min 


f-equiv/min 


4 
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Fig. 8. Effect of intracarotid injections in dog with diabetes insipidus (Chris) ; resting rate of urine 
flow. Injections at arrow; O—O, 5 m-u. oxytocin; @—@, 5 m-u. oxytocin plus 0-2 m-u. 


vasopressin. 


four times out of five reduced Na and C1 loss (Fig. 8) with once a delayed rise 
in K excretion, and on the fifth occasion had no effect. Oxytocin injected into 
_ the carotid artery during diuresis was three times without effect. : 
The response to vasopressin differed in the two dogs on which it was tested. 
| In Chris its action was the same as before operation, i.e. greater excretion of 
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Na, K and Cl when it was given intravenously during diuresis, either as a single 
injection or an infusion, and no effect when 0-2 m-u. was injected into the 
carotid artery. In Thisbe, on the other hand, four times during infusion (0-1 
and 0:5 m-u. vasopressin/min) Na and K loss was reduced during infusion but 
rose after it (Fig. 9). This may have been related to the finding described below 
that vasopressin now lowered the G.¥.R. in this dog. 


ar Urine flow 


Time (min) 


Fig. 9. Effect of infusion of vasopressin, and of vasopressin plus oxytocin in dog with diabetes 
inspidus (Thisbe). In both curves infusion during period from 50-98 min and at resting rate 
of urine flow; O—O, 0-067 m-u./kg/min vasopressin; @—@, 0-067 m-u./kg/min vasopressin _ 
plus 0-133/kg/min oxytocin. 


The effect of injection of mixtures of vasopressin and oxytocin produced 
some evidence that these two substances interacted, and in a manner different 
from that seen in normal dogs. Whereas in Thisbe the infusion of vasopressin 
alone reduced Na excretion, when 0-13 m-u./kg/min oxytocin was infused 
together with 0-067 m-u./kg/min vasopressin no such reduction was seen 
(Fig. 9). In this same dog, too, single injections of 2 m-u. vasopressin plus 
75 m-u. oxytocin somewhat increased the rate of Na loss (Fig. 10). Again it is 
possible that these effects depended on changes in R.P.F. and G.F-.R., as will be 
described below. 

Further evidence of interaction of ie hormones came from Chris. Whereas 
vasopressin (1 or 2 m-u.) injected alone intravenously caused an apparently 
normal brief rise in Na, K and Cl loss, when 1 m-u. vasopressin was given 
intravenously and followed immediately by 5 m-u. oxytocin (which alone 
caused a reduced Na excretion) into the carotid artery the result was quite 
different. As can be seen in Fig. 10 the enhanced electrolyte excretion persisted 
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for 40 min or more. In order to avoid the complication of renal vascular 
changes, once 0-2 m-u. vasopressin plus 5 m-u. oxytocin was injected simul- 
ne into the carotid vapsne and led to an increased electrolyte excretion 


Urine flow 


20 40 60 80 100 120 - 

| Time (min) 

Fig. 10. Effect of vasopressin plus oxytocin injected into dogs with diabetes insipidus. Both 
: curves atresting rate of urine flowand injections made at arrows: @—@ (Chris), 0-055 m-u./kg 
vasopressin intravenously followed in 4 min by 5 m-u. oxytocin into the carotid artery; 
O—O (Thisbe), 0-16 m-u./kg vasopressin followed in 4 min by 5 m-u./kg oxytocin, both 
intravenously. 


which persisted for at least 60 min (Fig. 8). There was at the same time some 
_ increase in the rate of urine flow. Thus, in this animal, instead of any sign of 
antagonism between the hormones vasopressin appeared to restore the action 
of — to normal. 
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Normal interphase. This phase is a short one and only three observations 
could be made on two of the dogs. Chris received an intracarotid injection of 
5 m-u. oxytocin and Thisbe two intravenous injections of 5 and 5-1 m-u./kg. 
In both dogs the rate of Na loss, but not that of K or Cl, was increased for 
20-30 min. These were the only three occasions after induction of diabetes 
insipidus when a rise in Na excretion followed the injection of oxytocin alone. 


Renal clearances 


With regard to renal clearances two facts stood out; that the clearances were 
more variable than normal, a fact noted by Shannon (1942), and that the 
responses of the G.F.R. and R.P.F. to injected substances were different from 
those seen in normal dogs. In Thisbe, especially, clearances changed from day 
to day, and fluctuated during the course of a single afternoon. Before operation 
and when undisturbed her ¢.F.R. varied on different days from 65 to 74 ml./min 
and her R.P.F. from 120 to 140 ml./min. When she had diabetes insipidus the 
@.F.R. ranged from 32 to 66 ml./min and R.P.F. from 80 to 190 ml./min. 
Table 3B shows the fluctuating clearances in a single afternoon before and 
after an intravenous injection of oxytocin. These may be compared with the 
smooth course of events when she was normal (Table 1B). (Irregularities in 
the immediate post-injection sample cannot be considered significant in the 
present context.) Similar, though less extreme, variability was seen in Chris 
and Meg. | 

In none of the three dogs did the intravenous injection of oxytocin cause 
the marked and prolonged increase in R.P.F. seen when they were normal. On 
four occasions in Meg and Chris, following a single intravenous injection of 
5-9-5 m-u./kg, either or both G.¥.R. and R.P.¥. rose for a single 10 min sample, 
on two occasions after a delay of 40 min (Table 3.4). The one observation made 
on Thisbe showed the variability seen in Table 3B. As in the normal dog, 
intracarotid injection of 5 m-u. did not affect G.¥.n. or R.P.F. (Table 2B). 

The effect of vasopressin was measured twice and only in Thisbe. On both 
occasions there was a reduction in G.¥.R. (Table 3C) which may have accounted 
for the decrease in Na excretion caused by vasopressin. On one occasion C,, 
increased steadily throughout the observation, and on the other occasion it 
tended to fall (Table 3C). Below is given some indirect evidence that vaso- 
pressin also exerted an abnormal vasoconstrictor action in Chris. 

One observation was made on Chris on the effect of a single intravenous 
injection of oxytocin together with vasopressin. No regular change in RB.P.¥. 
followed, but there was a 30% reduction in ¢.¥.R. (Table 3D) which could 
fairly certainly be attributed to one of the hormones, presumably vasopressin, 
since oxytocin alone did not reduce the clearance values. Thisbe received two 
infusions of vasopressin during which an injection of oxytocin was given. On 
one occasion following the oxytocin there was a modest rise in both G.¥.R. and 
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n.P.F. (Table 3C), and on the other no change in G.¥.z. but a very great (500%) 
increase in R.P.F. In Thisbe, then, there was certainly antagonism between 
the hormones, in their action on renal blood vessels, though its degree was 
unpredictable, but it could perhaps account for the steady rate of Na loss when 
both substances were infused simultaneously. 


and diodone in dogs with diabetes insipidus (units as in Table 1) 


period No. ... 3 4 5 6 7 8 9 
A, Meg. Single injection of oxytocin 


Tasce 3. Effect of intravenously injected posterior lobe hormones on clearances of creatinine 


B.P.F. — 28 157 {212 186 177 22 — 1565 —- — — 
At arrow, 9-5 m-u./kg oxytocin injected intravenously. 
B. Thisbe. Single injection of oxytocin 
UF 20 46 .34 04..08. 22 10 . 16. 


B.P.F. — 80 140 470 «69306 6202) 
At arrow, 5 m-u./kg oxytocin injected intravenously. 


a C. Thisbe. Infusion of vasopressin with single injection of oxytocin during infusion 


UF 06 O05 O4 038 O83 O8 083 O08 O2 08 

@.F.B. 6 8 — +— 4 — 8 3 8 

R.P.F. 138 138 7125 139 #129 — — 143 7157 — 109 1056 117 
a c 


At a began infusion of 0-004 m-u./kg/min vasopressin, at b injected 6-7 m-u./kg oxytocin intravenously, at c 
infusion, Creatinine and diodone administered subcutaneously; plasma concentrations fell from 25 to 
mg/+00 ml. and from 1-6 to 1-1 mg/100 ml., respectively. 


D. Chris. Single injection of vasopressin and oxytocin | : q 


UF 43 #1 46 35 036 — 16 25 29 — 

+ 


At arrows, injected 0-165 m-u./kg vasopressin followed 4 min later by 5-5 m-u./kg oxytocin intravenously. 


Thus, when given intravenously oxytocin alone did not raise R.P.¥. as in 
. normal dogs; and vasopressin clearly caused a reduction of G.¥.R. in one dog 

and possibly in the other. The effect of the hormones on the systemic: blood 
pressure could not account for the renal findings. 


Effect of vasopressin and oxytocin on arterial blood pressure 

Six months after induction of diabetes insipidus the arterial pressure of Meg 
was measured by means of a cannula inserted into the femoral artery under 
local anaesthesia. There were many small fluctuations even at rest, but neither 
5 m-u./kg oxytocin, nor the same dose of oxytocin together with 0-1 m-u./kg 
vasopressin, had any certain effect on blood pressure. On the other hand, the 
injection of 0-1 m-u./kg vasopressin injected alone was followed by a rise in 
pressure of 10 mm Hg for a period of 10 min. The femoral blood pressure of 
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Chris was found to average 98 mm Hg, and did not change on injection of 
0-11 m-u. keg vasopressin, but 5-5 m-u./kg oxytocin was followed by a 5- 
10 mm Hg rise for 8 min. The intracarotid injection of 5 m-u. oxytocin did not 


affect the blood pressure in either the conscious or anaesthetized condition 


(sodium pentobarbitone). 
DISCUSSION 


The results described above show that during water diuresis infusions of vaso- 


pressin, in a dose range around that necessary to cause maximal antidiuresis, 


also caused considerable increase in Na and Cl excretion, and sometimes that 
of K as well. Single intravenous injections had variable effects on electrolyte 
excretion. These findings are in close agreement with those of Sartorius & 
Roberts (1949), Karvonen, Leppanen & Pitkanen (1953) and Anslow & Wesson 
(1955), all of whom worked on dogs, and of Sawyer (1952) who worked on rats. 
Chester Jones (1957), also working on rats and using a different method of 
approach, concluded that ADH exerts a controlling influence on Na as well as 
water excretion. Weston, Hanenson, Grossman, Berdasco & Wolfman (1953) 
found that in normal man daily intramuscular injections of 3-10 u. Pitressin 
tannate caused an increased urinary loss of Na and Cl, but Chalmers, Lewis & 
Pawan.(1951) using the intravenous route for the administration of 10-100 m-u. 
Pitressin found no increase in Na or Cl excretion. In the present series of 
observations, when given to the hydrated but non-diuretic dog, infusions of 


vasopressin failed to increase electrolyte excretion, and single injections gave _ 


somewhat variable results. Most, but not all, of the positive results occurred 
in a dog which was later found to have a moderate degree of renal fibrosis with 
atrophic glomeruli. Shannon (1942) and Anslow & Wesson (1955) also found 
that variable effects followed the administration of vasopressin to non-hydrated 
dogs. Clearly, then, vasopressin can increase the rate of Na and Cl loss, but 
it is not certain whether man differs from dog and rat, or whether it is a matter 
of finding the conditions in which this action occurs. 

Previous work on the administration of oxytocin to normal dog and man 
has not suggested any day-to-day hormonal function, for this substance, 
(Karvonen e al. 1953; Chalmers et al. 1951; Anslow & Wesson, 1955). On the 
other hand, some work on rats has hinted at a possible daily function. For 
instance, Dicker & Heller (1946) concluded that Pitocin lessened Cl reabsorp- 
tion when given subcutaneously in doses of 3 m-u./100 g rat, Sawyer (1952) 
giving 10 m-u./100 g rat also observed an increase in Na, K and Cl excretion, 
and Dicker (1957) using intravenous doses of 40-80 yu./100 g rat found a 
marked increase in osmolar clearance, providing the basal rate of urine flow 
was low. In no instance did he find that Pitocin exerted an antidiuretic effect; 
on the contrary it tended to increase water loss. Brunner et al. (1956) also 
noted an increase in loss of both Na and water as a result of giving 1-50 m-u. 
per rat. In the present experiments oxytocin never increased the rate of urine 
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flow of normal dogs, but, as in rats, it increased the loss of Na, K and Cl 
provided the animals were non-diuretic. The actual rate of urine flow did not 
seem to be important, since the response occurred at 0-25 ml./min in a 15 kg 
dog and at 2 ml./min in one of 17 kg, but in neither instance had water been 
ingested during the previous 2# hr. It was further found that oxytocin induced 
both an immediate and a delayed rise in Na and C1 loss, and that it acted 
when given either intravenously, or into the carotid artery in th to Ath the 
effective intravenous dose. This contrasted with the lack of effect of vaso- 
pressin injected into the carotid artery in a dose ;,th of that used for intra- 
venous injection. From this it appears that, despite their chemical similarity, 
vasopressin affects Na and Cl excretion by a peripheral action and oxytocin 
by a central one. Oxytocin may in addition affect electrolyte loss peripherally, 
as will be discussed below. There has been no previous suggestion that a central 
action of oxytocin affects electrolyte excretion, though recent work indicates 
that it has central actions of another kind, for instance the observations by 
Benson & Folley (1956, 1957) that oxytocin can cause the release of prolactin. 
Since oxytocin can act as a vasodilator in the kidney and in skin and muscle 
(F. P. Brooks & Mary Pickford; A. H. Kitchin & 8. M. Lloyd, both unpub- 
lished) perhaps one of its central actions is a selective vasodilatation in the 
particular region concerned with the regulation of electrolyte excretion. The 
following observation, on the dog Meg when she had diabetes insipidus, makes 


it improbable that the effects seen in the unoperated dog are due to the action 


of oxytocin directly and by itself on the anterior lobe of the pituitary. In this 
dog Evans Blue was injected into the carotid artery after anaesthetization. 
Later when the dog was killed the anterior lobe was seen to be well stained 
with dye. This does not prove that blood was reaching the gland by the normal 


 poute, but it does indicate that some factor is involved other than the direct 
- action of oxytocin alone on the gland. The normal histological appearance of 


the gland in all the dogs plainly showed that it had received a good blood 
supply in life. 

The response to both vasopressin and oxytocin was modified by the amount 
of water recently absorbed. The response to oxytocin seemed to be the more 
affected by this factor, since doses which raised Na and Cl loss in the non- 


_ diuretic dog were ineffective in water diuresis. With vasopressin, on the other 
_ hand, a constant maximal antidiuretic dose might increase electrolyte excre- 


tion in either the diuretic or non-diuretic state. These facts may be related to 
the different site of action of the two hormones and suggest, especially in 
relation to oxytocin, the importance of some central change due to hydration. 
Possibly there is a connexion with Keeler’s (1955) finding in rats, that lesions 


in or near the paraventricular nuclei interfered with the mechanism normally 
responsible for rapid adjustments of extracellular fluid volume. In rats Dicker 
(1957) found that the concentration of the urine was a factor of importance in 
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modifying the effect of both vasopressin and oxytocin. However, when large 
intravenous doses of oxytocin were given the loss of Na and Cl was increased 
even in water diuresis, as was found by Ali (1958), and in the present work, 
and by Dicker (1957) in rats. Possibly large doses exert a central action even 
after recent hydration, but it is also possible that the increase in G.¥.R. and 
R.P.¥. which occurs with large doses increases the filtered load of electrolytes 
(Selkurt, 1954), and hence the quantity reaching the urine. It is too early to 
say whether the vascular factor accounts for the longer and flatter immediate 
rise in Na and Cl loss commonly seen when oxytocin was given intravenously, 
as compared with the shorter rise when it was given into the carotid artery 
(compare Figs. 3 and 5). 

Several points emerge from the studies on renal clearances. First, that both 
hormones can modify electrolyte excretion without any change in either G.¥.R. 
or R.P.F. which can be recognized by chemical methods. That this statement 
applied to vasopressin was already appreciated (Maxwell & Breed, 1951; 
Sellwood & Verney, 1955). The present work has shown that it:also applies to 
oxytocin. Since the increased R.P.¥. (and G.F.R.) caused by intravenous oxy- 
tocin was counterbalanced by intravenous vasopressin (see also Ali, 1958) it 


may be concluded that the effect which both hormones can exert on the renal | 


vessels of normal dogs is produced peripherally. It is to be noted that vaso- 
pressin was used in doses which are thought to be physiological. Another point 
is that the ratio of vasopressin:oxytocin, which prevented the rise in R.P.F. 
which is seen with oxytocin alone, was at most from 1:20 to 1:30. There is, 
then, no reason to suppose that the assay made by Abrahams & Pickford 


(1954) was incorrect, and it is possible that 20 or more times as much oxytocin | 


as vasopressin is released by an osmotic stimulus. Finally, Ali (1958) found 
that there was a moderate antagonism between the effects of vasopressin and 
oxytocin on electrolyte excretion. Since he used fairly large intravenous doses 
of oxytocin this may, perhaps, be explained by the renal vascular actions of the 
hormones. No evident vascular action can be offered as an explanation of the 
central antagonism displayed by these two substances. 


Dogs with diabetes inspidus 

The three dogs with diabetes insipidus all showed irregularities in the lest 
clearances quite outside the range found in normal animals. The operative 
approach cannot alone be the cause of this phenomenon, which in the present 
series occurred after interference with the anterior hypothalamus with little 
likelihood of injury to the blood supply of the anterior lobe, and in Shannon’s 
(1942) experiments after stalk section, a procedure which must, at least 
temporarily, disturb the blood supply of the anterior lobe but should not 
directly injure the hypothalamus. Both these operations destroyed some 
mechanism concerned in stabilizing renal vascular responses. Since it has been 
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shown that the state of renal blood vessels can be altered by vasopressin in 
doses within the physiological range, and by oxytocin in doses which may well 
be in that range, then the possibility exists that the vascular disturbances of 
diabetes insipidus are due to the lack of one or both of these hormones. 

Considering first the action of vasopressin ; in normal animals maximal anti- 
diuretic doses of exogenous vasopressin may, or may not, cause slight renal 
vasoconstriction (Maxwell & Breed, 1951). In the present experiments the 
_ only two observations made on the effect of vasopressin on renal clearances 
after induction of diabetes insipidus showed once a profound, and once a con- | 
siderable, reduction in G.¥.R. never seen with Pitressin (or vasopressin) in 
normal animals. This suggests an increased sensitivity of the renal vessels to 
vasopressin. Some years ago Verney (1926) noticed that when posterior lobe 
extract was added to the blood perfusing an isolated kidney both polyuria and 
blood flow diminished. The same phenomenon occurred when an isolated head 
was included in the renal perfusion circuit, but only if the pituitary body was 
in situ. He concluded that during its passage through the head the blood 
picked up a substance or substances which inhibited urine flow and decreased 
renal blood flow, and that the active material(s) came from the pituitary body. 
Brull & Louis-Bar (1953) also concluded that the pituitary gland contributed 
a constrictor substance to the*blood, and that in its absence the kidney lost 
its power of auto-regulation and responded almost directly to changes in 
systemic blood pressure. These observations demand the re-examination of the 
role of vasopressin in. normal animals. Recent work by Ginsburg & Brown 
(1957) also suggests that vasopressin has a vascular function. 

The effect of vasopressin on electrolyte excretion was abnormal in Thisbe in 
that Na excretion was reduced during diuresis. It has already been suggested 
that this may be related to the reduction in G.¥.R. induced in this dog by 
vasopressin. In Chris the electrolyte-excreting effects of vasopressin appeared 
normal, which means either that vasopressin did not constrict the renal vessels 
in this dog, though indirect evidence suggested that it did, or that some other 
factor made her response different from that of Thisbe. The only observed 
difference between the dogs was the greater loss of supraoptic and paraven- 
tricular cells in Chris, but there is nothing to indicate that this is related to the 
effect of vasopressin on the excretion of electrolytes. 

Considering next the action of oxytocin; in all three dogs its action differed 
from that in normal animals. During the polyuric phases it did not increase 
the excretion rate of Na or Cl on either intravenous or intracarotid injection 
and its effect on R.P.F. was irregular or delayed and short. That is, both its 
central and peripheral actions were disturbed. The only previous observations _ 
on the action of oxytocin in diabetes insipidus are those of Demunbrun ¢ al. 
(1954) who gave large doses of Pitocin and highly purified natural oxytocin 
__ to dogs and found that both preparations restored the low post-operative 
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clearances of their dogs to normal levels, and they suggested that an important 
and continuing function of oxytocin was the maintenance of an edequate renal 
blood flow. It is difficult to compare their results with the present ones since 
our dogs had low clearance values only on occasional days and never consist- 
ently, oxytocin was used in smaller doses, and it dilated the renal vessels 
poorly as compared with the normal response. However, the increased con- 
strictor sensitivity of Thisbe to vasopressin could be explained as due to the 
lack of a dilator substance. 

Lastly, the effect of giving mixtures of vasopressin and invetin must be 
considered. The experiments on the renal vascular system were too few for 
further discussion. The effect of mixtures on electrolyte excretion was clearer. 
The only occasions when an injection of oxytocin, whether given intravenously 
or into the carotid artery, caused an increased loss of Na and Cl was when 
vasopressin had been given first or simultaneously, when Pitocin was used 
(which contains up to 5% vasopressor substance) and during the interphase, 
a time of oliguria perhaps due to the presence of excess vasopressin. Further, 
in normal dogs oxytocin used in moderate doses was effective only at a resting 
rate of urine flow. Thus, it seems that oxytocin exerts its action only in 
conditions when it may be expected that vasopressin is circulating. There is 
no indication as to the role of vasopressin. It may affect vascular tone; this 
aspect of the subject has been discussed. Vasopressin can alter the distribution 
of water between the various body compartments, but it is not clear that it 
does so under physiological conditions (Friedman, Nakashima & Friedman, 
1956). It may have a central action; in the present work on Chris when 
diabetic, the synergism between oxytocin and vasopressin was apparent in 
10 min when small doses of both substances were injected simultaneously into 
the carotid artery; also Pasqualini & Avogadro (1942) found that Pitressin 
rapidly (20 min) reduced or banished the sense of thirst in dehydrated patients 
with diabetes insipidus, but they could not say whether this was a central or 
peripheral action. So far then there is nothing to indicate how vasopressin 
_ restores the normal response to oxytocin, that is, why the two hormones should 
be synergists in dogs with diabetes insipidus when they are antagonists in 
normal ones. | 

The present work reinforces the conclusions of Verney (1926) and of Brull 
& Louis-Bar (1953) that the posterior lobe of the pituitary provides one or 
more substances affecting renal blood vessels. They believed vasopressin to be 
of importance. The present work shows that oxytocin should not be left 
unconsidered, and moreover, that the simultaneous liberation from the 


posterior pituitary of both vasopressin and oxytocin may be more than — 


fortuitous. As a starting point for further work it is suggested that the 
two hormones between them exert a stabilizing effect on renal blood vessels. 
Fonewng their sudden removal, the vessels will depend far more than 
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usual on nervous activity, and be liable to sudden undamped variations 
giving rise to the fluctuations in G.¥.R. and R.P.¥. noted by Shannon (1942) 
and ourselves. 
SUMMARY 
1. Observations were made on conscious dogs of the effect of intravascular 
injections of highly purified vasopressin and oxytocin, and of synthetic 
oxytocin, on the rate of urine flow, on the excretion rates of Na, K and Cl, 


and on renal clearances of creatinine and diodone, both during water diuresis 


and when non-diuretic. Vasopressin was used in maximal antidiuretic doses 
and oxytocin in doses 20-30 times greater. No difference was found between 
the actions of highly purified natural oxytocin and of synthetic oxytocin. 

2. Vasopressin administered intravenously during water diuresis increased 
the rate of excretion of Na and Cl and sometimes that of K, whereas similarly 
administered oxytocin did not increase electrolyte excretion. Injected intra- 
venously at a low rate of urine flow oxytocin invariably increased Na and Cl 
loss and sometimes that of K, whereas the effect of vasopressin was small and 
inconstant. Intravenous injections of mixtures of vasopressin and oxytocin 
caused an increase in electrolyte excretion at both high and low rates of urine 
flow. 

3. On injection into the carotid. artery small doses of vasopressin had no 
apparent action, but small doses of oxytocin caused effects on electrolyte 
- excretion comparable with those seen when larger doses were injected intra- 
venously. 

4. During water diuresis intravenous injections of purified natural vaso- 
pressin did not significantly change either G.F.R. or R.P.F. Intravenous injec- 
tions of oxytocin greatly and for a long period increased R.P.F. without 
necessarily causing any change in G.F.R. Small doses of vasopressin were able 
completely to antagonize the effect on R.P.F. of large doses of oxytocin. Intra- 
carotid injections of oxytocin in doses which affected electrolyte excretion 
did not affect either G.¥.R. or R.P.F. 

5. In dogs with diabetes insipidus, during the polyuric phases neither intre- 
venous nor intracarotid injections of oxytocin increased electrolyte excretion, 
unless vasopressin was injected either with or before the oxytocin. During the 
normal interphase oxytocin to some extent increased the output of electrolytes. 
In established diabetes insipidus both g.¥.R. and R.P.F. were highly variable, 


and an injection of oxytocin did not raise the R.P.¥. in the same way as in — 


normal dogs. The renal vessels appeared to show increased constrictor sensi- 
tivity to vasopressin. 
6. It is concluded that vasopressin increases electrolyte excretion by an 
action on the kidneys, but that the action of oxytocin is at an unknown central 
_ site and is abolished by recent hydration, a condition in which vasopressin 
_ secretion is minimal. The effect of both vasopressin and oxytocin on renal 
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clearances appears to be peripheral in origin. Since certain of the actions of 
oxytocin only ‘occur in the presence of vasopressin, it is suggested that vaso- 
pressin and oxytocin together adjust electrolyte excretion; also that vaso- 
pressin, and perhaps also oxytocin, is important in maintaining the normality 
of the renal vascular system. 


We are particularly grateful to Dr du Vigneaud and Dr H. B. van Dyke for generous gifts of 
highly purified vasopressin and oxytocin, and to Dr Holgate of Messrs Sandoz for a large supply 
of Syntocinon. We also wish to express our thanks to Miss 8. M. Lloyd, B.Sc., for doing a number 
of the chemical analyses. : 


REFERENCES 


AsraHams, V, C. & ProkrorD, M. (1954). Simultaneous observations on the rate of urine flow and 
spontaneous uterine movements in the dog, and their relationship to posterior lobe activity. 
. Physiol. 126, 329-346. 
Aut, M. N. (1958). A comparison of some activities of arginine-vasopressin and lysine-vasopressin 
on kidney function in conscious dogs. Brit. J. Pharmacol, (in the Press) . 
Aut, M. N., Cross, R. B. & Proxrorp, M. (1958). Electrolyte excretion in diuretic and non-diuretic 
dogs. J. Physiol. 141, 177-182. 
’Anstow, W. P. & Wasson, L. G. (1955). Some effects of pressor-antidiuretic and oxytocic 
fractions of posterior pituitary extracts on sodium, potassium and ammonium excretion in 
the dog. Amer. J. Physiol. 182, 516-566. 
Benson, G. K. & Forzzy, 8. J. (1956). Oxytocin as stimulator for the release of prolactin from 
the anterior pituitary. Nature, Lond., 177, 700. 
Benson, G. K. & Fotey, 8. J. (1957). Retardation of mammary involution in the rat by oxytocin. 
J. Endoorin. 14, x\-xli. | 
Brooks, F. P. & Pioxrorp, M. (1956). The influence of posterior lobe hormones on the excretion 
of Na and K in the conscious dog. J. Physiol. 131, 33-34 P. | 
Brooks, F. P. & P1 RD, M. (1957). The Neurohypophysis. Proc. of 8th Symposium of Colston 
Research Society. Ed. Herter, H. London: Butterworth’s Scientific Publications. 
Bru, L. & Lovis-Bar, D. (1953). The pituitary gland and the vascular tone of the kidney. 
Quart. J. exp. Physiol. 38, 151-154. . 
Brunyer, H., Kuscurnsxy, G. & Permns, G. (1956). Der Einfluss von Oxytocin auf die renale 
Wasser- und Salzauscheidung der Ratte. Arch. exp. Path. Pharmak. 228, 457-473. 
Cuatmers, T. M., Lewis, A. A. G. & Pawan, G. L. 8. (1951). The effect of posterior ery 
extracts on the renal excretion of sodium and potassium in man, J. Physiol. 112, 238-242. 
Curnarp, F. P. (1955). Renal dead space as a function of urine flow in the anaesthetized dog. 
Amer. J. Physiol. 180, 620-622. 
Cog, 8. W. (1919). Practical Physiological Chemistry. Cambridge: W. Heffer and Sons Ltd. 
Demunsevn, T. W., Ketuze, A. D., Lzvxorr, A. L. & Purser, R. M. (1954). Pitocin restoration 
of renal hemodynamics to pre hypophysectomy levels. Amer. J. Physiol. 179, 429-434. 
Dicksr, 8. E. (1957). Urine concentration in the rat during acute and prolonged dehydration. 
J. Physiol. 139, 108-122. 
Dicker, 8. E. & Hetier, H. (1946). The renal action of posterior pituitary extract and its 
fractions as analysed by clearance experiments in rats. J. Physiol. 104, 353-360. 
FriepMay, 8. M., Nakasuma, M. & Frizpmany, ©. L, (1956). Extrarenal effects of intravenous 
Pitressin in nephrectomised rats. Circulation Res. 4, 557-564. 
Grinspure, M. & Brown, L. M. (1957). The Neurohypophysis. Proc. of 8th § of Colston 
Society. Ed. Herter, H. London: Butterworth’s Scientific Publications. 
Hagnis, G. W. (1955). Neural Control of the Pituitary Gland. London: Edward Arnold. 
Jonzs, I. C. (1957). The Adrenal Cortex. Cambridge University Press. 
-Karvonen, M. J., Lerrinen, V. & Prrxinsgn, M. E. (1953). The effect of pituitrin, pitressin 
rag) om on urinary sodium and potassium excretion in the dog. Ann. Med. exp. Fenn. 
Kester, R. J. (1955). Sodium excretion in the rat after hypothalamic lesions and renal dener- 
vation. J. Physiol. 180, 9-10 P. 7 


4 
& 
ig 
LZ 
‘ 
M 
oad 
4 
Be 
4 
« 
“4 


ION EXCRETION AND POSTERIOR LOBE HORMONES 493 


Maxwett, M. H. & Breen, E. 8. oot The effect of the intravenous administration of pitressin 
on renal function in man. J. Pharmacol. 108, 190-195. 


O'Connor, W. J. (1952). The normal interphase in the polyuria which follows section of the 
supraoptico-hypophysial tracts in the dog. Quart. J. exp. Physiol. 37, 1-10. 


Pasquatini, R. Q. & Avocapro, A. (1942). Accion de la pitresina sobre la sed en la diabetes 
insipidus, Rev. Soc. argent. Biol. 18, 88-92. 


Sartorius, O. W. & Ropers, K. (1949). The effects of Pitressin and in 


low dosage on the excretion of Na, K and water by the normal dog. Endocrinology, 45, 
273-283. 4 
Sawyer, W. H. (1952). Posterior pituitary extracts and excretion of electrolytes by the rat. g 
Amer. J. Physiol. 169, 583-587. by | 


Szixurt, E. E. (1954). Sodium excretion by the mammalian kidney. Physiol. Rev. 34, 287-333. 

Se_iwoop, R. V. & Verney, E. B. (1955). The effect of water and of isotonic saline administration 
on the renal plasma and glomerular filtrate flows in the dog, with incidental observations of 
the effects on these flows of compression of the carotid and renal arteries. Phil. Trans. B, 
238, 361-396. 

7 SHANNON, J. A. (1942). The control of the renal excretion of water. I and II. J. exp. Med. 76, 
371-386, 387-399. 

van Dyxs, H. B., Apamsons, K. & Enoegt, 8. L. (1955). Aspects of the biochemistry and 
physiology of neurohypophysial hormones. Recent Progr. Hormone Res. 11, 1, 35. 

Verney, E. B. (1926). The secretion of pituitrin in mammals, as shown by perfusion of the 
isolated kidney of the dog. Proc. Roy. Soc. B, 99, 487-517. 

Weston, R. E., Hanenson, I. B., Grossman, J., Berpasco, G. A. & WoLrMaN, M, (1953). 
Natriuresis and chloruresis following Pitressin-induced water retention in non-edematous 

patients: evidence of a homeostatic mechanism regulating body fluid volume. J. clin. Invest. 

32, i, 611. 


31-2 


4 
- 
“A 
= 
im 
“2 
| 
° 
oe 
acy 


494 
J. Physiol. (1958) 142, 494-502 


THE EFFECT OF THE IONS OF THE ALKALI METALS 
_ MAGNESIUM AND CALCIUM ON DOG SPERMATOZOA 


By R. G. WALES ann I. G. WHITE 
From the Department of Veterinary Physiology, University of Sydney, 
New South Wales, Australia 
(Received 6 March 1958) 


Potassium, magnesium and calcium occur in appreciable quantities in mam- 
malian semen (see Mann, 1954) and attention has recently been drawn to ine 
effect of these ions on spermatozoa (White, 1956). 


The importance of potassium for the normal functioning of ram and bull | 


spermatozoa can be readily demonstrated by comparing their viability after 
repeated washing in potassium-containing and potassium-free media (Lardy 
& Phillips, 1943; White 1953a,6,c; Blackshaw, 1953a, 8). Viability remains 
high in solutions containing potassium but ‘motility is depressed in its ab- 
sence, particularly at 37°C. 
- §tudies on the capacity of the rarer alkali metals to replace potassium in in 
washed ram and bull spermatozoa show an interesting gradation in biolo- 
gical properties, which can be readily correlated with their sequence in the 
periodic table (White, 1953c). The element of lowest atomic number in the 
series, lithium, is toxic, sodium may be regarded as neutral, potassium and 
rubidium beneficial and caesium, with the highest atomic number, although 
significantly beneficial, is not nearly as active as either potassium or rubidium. 
According to Lardy & Phillips (1943), magnesium improves the motility 
and glycolysis of washed bull spermatozoa. Calcium on the other hand has 


been found to decrease the viability of ram and bull spermatozoa (Lardy & | 


Phillips, 1943; Blackshaw, 1953a). 

There appears to be little or no information on the ionic requirements of dog 
spermatozoa and it is the purpose of this paper to report studies on the effect 
of the ions of the alkali metals magnesium and calcium on the spermatozoa of 
this species. 

MATERIAL AND METHODS 


The spermat -bearing fraction of dog semen was collected by manipulation. Only apparently 


normal specimens of good initial motility were employed. 
Unwashed spermatozoal suspensions were prepared by diluting the semen 1 in 10. Washed 
spermatozoa were prepared by spinning the diluted semen (1 in 10) at 1500 rev./min. The super- 
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natant was drawn off and replaced by diluent after each centrifuging and the spermatozoa re- 
dispersed by repeated aspiration into a wide-bore Pasteur pipette fitted with a rubber teat. 
Centrifuged, but unwashed, spermatozoal suspensions were prepared by centrifuging and re- 
_ dispersing the cells after each spinning without drawing off the supernatant. 

The diluted semen was pipetted into small tubes and motility scored by the system of Emmens 
(1947). Full motility was rated as 4 and complete immotility as zero, but in presenting the results 
the actual scores have been multiplied by 4, since quarter-grades were frequently used. 

The motility index referred to in the tables is the sum of the motility scores x 4 for each ejacu- 
late over the experimental period. This has been used as unit observation (see Emmens, 1948) 
in the analyses of variance, which are presented in summary form; the error mean square (resi- 
dual variance) and variance ratios being shown with asterisks to indicate significant differences in 
motility. 

All diluents were isotonic and of pH 7-0, They were prepared from A.R. chemicals and stored 
in a deep-freeze cabinet at. — 80° C between experiments. The control diluent had the following 
composition: 0-Q2m sodium phosphate buffer, 0-5% NaCl, 1:5% glucose. Potassium, magnesium 


~ and calcium were added as the chlorides at the following concentrations and the NaCl content 


adjusted to keep the diluent isotonic: 

Molarity at level 

1 2 3 
Potassium 0-0050 0-0150 0-0450 
Magnesium 0-0015 _. 00045 0-0135 
Calcium 0-0003 0-0009 0-0027 

RESULTS 
Preliminary experiments 


The technique of washing mammalian spermatozoa has been used widely i in 
studying their metabolism and ionic requirements and the damage caused to 
ram and bull spermatozoa by the process has been previously investigated 
(White, 1953d). The effect of washing and also of merely centrifuging dog 
spermatozoa was studied by comparing the motility of (1) the unwashed cells 
with (2) washed suspensions and (3) spermatozoa centrifuged without washing, 
the washing and centrifuging procedures being repeated in each case twice 
and four times. Two diluents were used: (A) the control and (B) the control 


plus level 1 of potassium and magnesium, since both ions have proved bene- — 


ficial to the spermatozoa of other species, particularly after washing. The 
_ spermatozoa were kept at 37° C and motility scored at 1, 2, 4 and 6 hr from 
the start of the test. | 

Table 1 shows the results for four ejaculates, and the analysis of variance is 
summarized in Table 2. Motility in the diluent containing potassium and 
magnesium was significantly greater irrespective of the treatment. Parti- 
tioning of the treatment sum of squares showed that merely centrifuging, even 
four times, had no effect whilst washing only twice significantly depressed 
motility. The damage done to dog spermatozoa by repeated washing is clearly 
~ not due to the mechanical effect of centrifuging nor is it likely to be fully 
accounted for by the loss of potassium and magnesium ions from the cells. 
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Systematic studies of potassium, magnesium and calcium 

In view of the beneficial action of the diluent containing potassium and 
magnesium, more detailed factorial studies were made of these two ions and 
also of calcium. 

Potassium, magnesium and calcium ions were added to the control diluent at 
levels, 1, 2, and 3so that within each level all possible combinations of the three 
ions were tried but no between-level combinations were made. In all diluents 
containing the highest concentration of calcium a slight opalescence was noted, 
due to the precipitation of calcium phosphate, but this was never marked. 


Taste 1. The effect of washing and centrifuging on the motility indices of four dog ejaculates 
Diluent A Diluent B 


Treatment 


1 2 3 4 Total 1 2 3 4 Total Totals 
(6) Washed 49 22 1 64 «= 6ST. 9 163-236 
twice 
(d) Washed four 17 2 1 0 20 38 £23 2 0 > 6 83 
(e) Centrifuged 60 337 7 196 = $l 
four times 
‘Totals. 241 142 S80 652 494 200 242 184 145 £861 1355 
TABLE 2, st of the analysis of variance of the date | in Table 1. The residual variance 
’ is shown in italics 
Degrees of 
Source of variation freedom Variance ratio 
Between diluents 1 35°8** 
Between ejaculates 3 
Between treatments 4 18-6** 
(a) v. (6) 1 15-6** 
(a) v. (c) 1 17 
(a) v. (d) 1 62-3** 
(a) v. (e) 1 4-0 
Interactions | 
Diluent/treatment 4 0-0 
Diluent/ejaculate 3 1-1 
Treatment/ejaculate — 12 0-7 
Residual : 12 94 
** P<0-01, 


‘Half of each ejaculate was partitioned between the diluents to give a 1 in 
10 dilution of semen. The other half was diluted 1 in 10 with control diluent 
and washed twice. The volume of this suspension was then adjusted to that 
of the original semen and partitioned between the diluents. Motility was 
scored at 2, 4, 8 and 16 hr from the start of each test and the mean scores for 
6 replicates are presented in Table 3. The Silliac electronic computer was used 
for the analysis of variance which is summarized in Table 4. Bartlett’s test — 

showed that the variances of the second order interactions were homogenous 


(x? = 24-2, 19 degrees of freedom, P =0-20) and the pooled second-order inter- ) 
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action variance was used as error term, since it was significantly greater than 
the higher-order interaction mean square. 

Potassium, magnesium and calcium all caused a highly significant increase 
in motility when added singly to the control diluent, but the effects of mag- 
nesium and calcium were greater than that of potassium, particularly in the 
case of unwashed spermatozoa. Additive effects were given by potassium in 
combination with magnesium or calcium, but motility in diluents containing 
both magnesium and calcium was significantly less than would be expected 
from the sum of their separate effects. All three metal ions together produced 


TaBLE 3. The effect of potassium, magnesium and calcium on the motility of unwashed and 
twice-washed dog spermatozoa. Each value represents the mean motility index for six ejaculates 


Unwashed Washed 
Grand 
Metal added Level 1 Level 2 bee 3 Mean Level l Level 2 Level3 Mean mean 
Nil 35-8 37-0 39-2 37:3 10-2 10-7 12-5 11-2 24-2 
K 43-3 41-3 42-3 42:3 19-2 16-8 19-7 18-6 30-4 
Mg 54-5 51-8 53-2 22-3 24-8 13-8 20:3 36-8 
Ca 54:3 56-3 56-0 55-6 21-7 27-2 21-5 23-5 39-5 
K+Mg 50-3 52-6 §2-3 24-7 23-3 28-2 25-4 38-6 
R4Ca 53-8 55-5 51-5 53-6 31-0 28-8 29-8 41-7 
Mg+Ca 55-7 56-3 54-7 55-6 20-2 135 18-7 37:1 
K+Mg+Ca 56-0 53-2 53-3 54-2 29-0 25-5 29-2 27-8 41-0 


TaBLe 4. Summary of the analysis of variance for the data of Table 3. The second-order inter- 
action mean square (error term) and the higher-order interaction mean square are shown 


in italics ur 
ariance 
Source of variation freedom ratio 
Effect of K 24:7** 
Effect of Mg l 38-9** 
Effect of Ca 1 ‘107-1** 
Effect of washing l 1622-1** 
Between levels 2 1-6 
Between ejaculates 5 22-6** 
First-order interactions: 
K/ 1-0 
K/Ca 1 0-5 
Ca 1 62-2** 
K/washing 1 24:7** 
Mg/washing 1 8-0** 
Ca/washi 2:8 
K/levels 2 3-4* 
Mg/levels 2 0-4 
Ca/levels 2 0-5 
K/ejaculate 5 3-6** 
Mg/ejaculate 5 
Ca/ejaculate 5 0-9 
5 31:3** 
10 0-7 
hing/levels 2 0-2 
order interactions 86 36-3 
Higher-order interactions 146 16-5 


The second-order interaction mean square is significantly greater than the higher-order interac- 
tion mean square (F =2:2, P< 0-01) and has been used as the error term. 
* P<0-05. P<0-01. 
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no greater stimulation than potassium and magnesium or potassium and cal- 
cium in combination. No significant variation in motility was seen between 
the three ionic levels. 


As in the previous experiment, washing was detrimental, but the degree of — 


damage was variable and the beneficial action of potassium and magnesium 
was greater for washed than for unwashed spermatozoa. Differences between 
ejaculates may be only a reflexion of different responses to washing. 


Potassium toxicity 

Further studies were undertaken to determine the toxic level of potassium 
for dog spermatozoa. It was impossible to obtain toxic levels of magnesium 
and calcium, since the phosphate buffer diluent was saturated with these ions 
at the highest level previously tried. 

Completely replacing the sodium chloride in the control diluent with 
potassium chloride had no detrimental effect on motility. Toxic levels of 
‘potassium were, however, obtained by using potassium phosphate buffer in 
the diluent and then replacing the sodium chloride by increasing amounts of 
potassium chloride. The final concentrations of potassium in the three diluents 
prepared in this way were 0-1508, 0-1808 and 0-2108m. Tests with seven 
ejaculates showed that motility in the diluent containing the highest level of 


potassium was significantly less than in the control potassium-free (P < 0-05) 


but concentrations of potassium as high as 0-1808 were innocuous. 

To determine whether magnesium would antagonize the toxicity of potas- 
sium, a factorial experiment was undertaken with diluents containing zero, 
0-1508, 0-1808, 0-2108m potassium and levels 1, 2 and 3 of magnesium in all 
possible combinations. The effect of calcium was similarly studied except that 
only levels 1 and 2 were used, as the tubes containing level 3 were spilt. Two 
of the tubes containing level 1 magnesium at zero potassium concentration 
were also lost, but the missing values have been inserted by the method of 
Cochran & Cox (1950). Motility was scored at 1, 2, 3, 4, 6 and 8 hr from the 
start of the test and the results of four replications are shown in Table 5. 
The Silliac electronic computer was used for the analyses of variance, which 
are presented in summary form in Table 6. : 

Kach diluent containing the highest level of potassium showed a depressed 
motility score when compared with the corresponding potassium-free control, 
irrespective of the magnesium and calcium concentrations. The toxicity of 
potassium was, however, never very marked and at the lowest level there was, 


in fact, an over-all stimulation of motility in each experiment. Magnesium | 


and calcium stimulated motility in the absence of potassium and at all potas- 
sium levels. The effects of combining potassium with magnesium or calcium 
were, however, purely additive and there was no evidence that either divalent 
metal antagonized the toxicity of potassium. 
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TaBie 7. The effect of 0-005 m alkali metals and ammonium ions on the motility of 


twice-washed dog spermatozoa 
Ejaculate 

Metal 

added 2 3 4 Total 
Nil 28 14 15 71 
K 26 39 37 31 133 
Li 2 2 2 1 7 
Rb 24 32 48 46 150 
Cs 13 37 12 19 81 
NH, 9 12 1] 25 57 


ah Summary of the analysis of variance of the data in Table 7. The residual variance is 
shown in italics at the base of the variance ratio column 


Degrees of 

Source of variation freedom Variance ratio 
Betweert ejaculates 3 
Between diluents — 5 12-1** 

Na v. K 1 5-7** 

Na v. Li 1 6-1* 

Na v. Rb 1 9-3** 

Na v. Cs | 1 : 0-1 

Na v. NH, I 0-3 
Residual : 15 56 

P<005. ** P<0-01. 
Comparison of alkali metals 


Since low concentrations of potassium increased the motility of dog sperma- 
tozoa it was of interest to compare the effectiveness of the other alkali metals. 
The ammonium ion was also included in these tests as it substitutes for potas- 
sium in some biological systems (Boyer, Lardy & bac 1942, 1943; Muntz, 
1947). 


Potassium, lithium, rubidium, calcium and ammonium chlorides were | 


added to the control diluent to give a final concentration of 0-005m. Dog 
spermatozoa were washed twice in the control diluent; the final volume of the 
suspension was adjusted to that of the original semen and portions mixed 
with nine parts of the diluents containing the alkali metals. The diluted sperma- 
tozoa were kept at 37° C and motility scored at 2, 4, 6 and 8 hr from the start 
of the experiment. Table 7 shows the result of four replications. Potassium 
and especially rubidium significantly increased motility, but lithium depressed 
it; caesium and ammonium ions had no significant effect (Table 8). 


DISCUSSION 
Dog spermatozoa are more easily harmed by washing than are those of ram . 
and bull (White, 1953d). As with these species, damage is not due to the 
mechanical effect of centrifuging but, as the beneficial effect of potassium, 
magnesium and calcium was relatively greater after the spermatozoa had 
been washed, loss of them ions from the cells may account for some of the 
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damage. This cannot be the only important factor, however, since the motility 
of spermatozoa washed in diluents containing the ions was still below the 
‘unwashed’ controls, especially after washing four times. During such ex- 
-haustive washing other substances, such as cytochrome C and glyceraldehyde- 
3-phosphate dehydrogenase, are probably leached from the spermatozoa 
(Mann, 1951; Smith, Mayer & Merilan, 1957). 

These experiments clearly establish the importance of potassium and 
magnesium for the maintenance of the full viability of dog spermatozoa and, 
in contrast to its action on ram and bull spermatozoa (Lardy & Phillips, 1943, 
Blackshaw, 1953a), calcium also proved beneficial. Diluents containing the 
lowest level of potassium and either divalent metal should prove quite satis- 
factory for the spermatozoa of this species and there seems little point in 
using higher concentrations of the metals or a combination of magnesium and 
calcium. Dog spermatozoa, like those of ram and bull (White, 1953c), are 
very tolerant of high potassium levels, but diluents composed entirely of 
potassium salts are undesirable. Bicarbonate buffers should also be avoided 
(Wales & White, 1958). 

Since neither the beneficial nor the toxic ‘actions of potassium were in- 
fluenced by magnesium or calcium it seems likely that the divalent ions act at 
a different site from potassium in the spermatozoa. Magnesium and calcium, 
on the other hand, may have a similar role since the results suggest they are 
interchangeable in their effects on motility. Potassium and magnesium are 
_ important for several different reactions in the glycolytic cycle and may exert 
their stimulating action. on dog spermatozoa in this way. 

The reaction of dog spermatozoa to the rarer alkali metals is similar to that 
of ram and bull spermatozoa (White 1953c) except that caesium did not prove 


significantly beneficial. As before, rubidium was even more effective than — 


potassium and the ability of this element to replace potassium in spermatozoa 
would seem to be a wide-spread phenomenon. Lithium on the other hand, 
appears to be generally spermicidal; it also depresses the motility of human 
as well as ram and bull spermatozoa (MacLeod, Swan & Aitken, 1949; White, 
1953). 

SUMMARY 

1. Potassium (0-0050-0-0450m), magnesium (0-0015-0-0135m) and calcium 
(0-0003-0-0027 m) chlorides each increased the viability of dog spermatozoa 
in vitro when added to a diluent composed of 0-02m sodium phosphate buffer, 
0-5°% NaCl and glucose. 

2. Additive effects were given by islaniin in combination with mag- 
nesium or calcium, but motility in the diluent containing magnesium and 
calcium was less than would be expected from the sum of their separate effects. 

3. All three ions together produced no greater stimulation than potassium 
and magnesium or potassium and calcium in combination; thus diluents 
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containing potassium and either of the other ions should be satisfactory for 
dog spermatozoa. 


4. Washing two or more times was harmful to dog spermatozoa and the 


effect of the metallic ions was relatively greater on the washed than on the 
unwashed spermatozoa. 

5. Rubidium had an even greater stimulating effect than potassium; cae- 
sium and ammonium ions were ineffective and lithium was toxic. 

6. Potassium levels in excess of 0-20 depressed the motility of dog sperma- 
tozoa, and diluents composed entirely of potassium salts are undesirable. 
Neither magnesium nor calcium antagonized the toxic action of potassium. 


The authors are indebted to Professor C. W. Emmens for his interest and advice, to Dr P. J. 
Claringbold for programming the Silliac electronic computer and to Mr H. Spira of Turramurra for 


supplying dog semen. This work has been aided by grants from the Nuffield Foundation (R.G. W.) ; 


and the Rural Credits Development Fund of the Commonwealth Bank of Australia (I.G.W.). 
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THE MECHANISM OF REGURGITATION DURING 
THE PROCESS OF RUMINATION IN THE GOAT | 


| By F. R. BELL 
From the Department of Physiology, Royal Veterinary College, London, N.W. 1 


(Received 19 March 1958) 


The means of generation of the propulsive forces required to transfer food 
material from the reticulum to the mouth in the regurgitation phase of rumina- 
tion has been a matter of debate for more than a century. Colin (1871) believed 
that the regurgitated fluid entered the oesophagus primarily because of the 
sharp rise of pressure that occurs in the reticulum and rumen during phasic | 
contraction. He recognized that regurgitation coincided with inspiration and 
conceded that diaphragmatic contraction might play a minor part in the 
process. Toussaint (1875) contended that regurgitation is brought about by 
the fall in oesophageal pressure resulting from a decrease in intrathoracic 
pressure consequent upon a deep inspiration with the glottis closed. He 
showed that a fall in intratracheal pressure occurred immediately before the 
forward passage of the bolus. 

Bergmann & Dukes (1926), on repeating Toussaint’s experiments, em- 
phatically confirmed his findings and conclusions. Stigler (1931) also sub- 
scribed to this view and showed that during regurgitation the intracesopha- 
geal pressure is lowered. Stigler induced a unilateral pneumothorax in a goat 
which thereafter he claimed was unable to ruminate. Downie (1954), using 
photokymographic methods, also confirmed Toussaint’s views but suggested 
in addition that the positive pressure produced by ruminal contraction plays 
‘a part in the process of regurgitation. Wester (1926), on the other hand, con- 
sidered that the fall noted in intraoesophageal pressure was generated in the 
oesophagus itself because of a shortening of the longitudinal muscle and relaxa- 
tion of the circular muscle which caused the oesophagus to form a cone- 
shaped infundibulum at the cardia, into which the contents of the reticulum 
were aspirated. Both Colin (1871) and Wester (1926) stated that rumination 
could take place after the diaphragm had been immobilized following section 
_ of the phrenic nerves. - | 


~ 
ir 
4 
os 
ay 
/ 
¥ 


PF. R. BELL 


The experiments described here were undertaken in the goat to examine the 


effect of phrenic section and tracheotomy on intrathoracic and intraoeso- 
phageal pressure and to investigate any variation in rumination behaviour 


that might result. 


METHODS 


Animals, Eleven crossbred English goats, 12-26 months old and 32-51 kg in weight, were used 
in these experiments. 

Surgical techniques. Anaesthesia was induced with thiopentone sodium by injection into the re- 
current tarsal vein; a cuffed endotracheal tube was introduced and anaesthesia was continued by 
means of cyclopropane in closed circuit. . 

Tracheotomy. The tracheal cannulae were fashioned from polythene tubing of 1 cm internal 

diameter. The cannulae were made 5 cm in length and were provided at one end with a pair of 
attached wings giving a total spread of 3 cm. Tracheotomy was performed 5 cm below the larynx, 
a 1 cm segment from an exposed tracheal ring being removed. The cannula was inserted into the 
trachea with the wings pressed together, the wings springing back to their former position when 
released, thus securely holding the cannula. Two nylon sutures through skin and subcutaneous 
tissue, one above and one below the tube, held it in position. The protruding tracheal cannula 
could be closed when required by means of a rubber bung, which was secured in position to prevent 
it being coughed out. : 
Phrenic nerve section. The nerves were exposed by the transthoracic approach. In two animals 
unilateral phrenic section was performed. In one of these the remaining phrenic was divided 
5 months later. In another goat both phrenics were divided successfully at the same time, al- 
though ventilation with oxygen for 4 hr was necessary before it had recovered from the anaes- 
thetic sufficiently to allow adequate oxygenation by its own respiratory efforts. ‘In a fourth goat, 
used to show the effect of phrenic section on the movement of the diaphragm, the cervical roots of 
both phrenics were exposed extrathoracically before division. This was necessary in order to 
produce X-ray photographs of the position of the diaphragm before and after unilateral and 
bilateral phrenic section. ; 

Pressure recording. Pressure variations were registered by means of a Hansen capacitance 
manometer and DC amplifier. The pressure changes were recorded by means of an Ediswan 
ink-writing oscillograph. 

A polythene tube (3-5 mm internal diameter) inserted through the rubber stopper of a tracheal 
_ cannula was used for transmitting intratracheal pressure. Intraoesophageal pressure was recorded 
from the thoracic oesophagus through a polythene tube introduced via the nose. This tube was of 


2-0 mm internal diameter, since the larger tubing was too rigid for atraumatic nasal insertion. — 


The pressure responses from both tubes, using known pressures, were identical. The intraoesopha- 
geal tube was also used for measuring pressure in the antrum of the reticulum. Intrapleural 
pressure was recorded via a Kuss needle introduced through the 6-7 rib interspace. For the initial 
recotding the needle was connected to a Maxwell artificial pneumothorax induction apparatus. 
When good inspiratory swings were apparent the pressure variations were switched by a tap to 
_ the Hansen apparatus for recording. The Maxwell apparatus was also used for the introduction of 
air in those cases where an artificial pneumothorax was induced, | 

Rumination recording. Long-term rumination ‘records were made by the method described 
recently (Bell & Lawn, 1957). Rumination records were also made by conventional apparatus so 
that respiratory, masticatory, reticular and ruminal activity were recorded synchronously and 
simultaneously on a kymograph. ; : 
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RESULTS 
I intratracheal and intraocesophageal pressure 

Simultaneous records were made from two sites using two Hansen manometers. 
The recordings from the pleural space and the thoracic oesophagus of a normal 
goat are illustrated in Fig. 1. Both pressures show an inspiratory swing of 
about 5 cm H,O from a base line some 2 cm H,0 below atmospheric pressure. 
Endotracheal and intraoesophageal pressures recorded from a normal goat are 
illustrated in Fig. 2. Here again the fall in pressure is about 5 cm H,O but in 
this case the tracheal pressure falls from a base line which | is that. of atmo- 
spheric pressure. 


Fig. 1. Simultaneous pressure records from the pleural space and thoracic oesophagus 
of a normal goat. 


The results from normal goats show that intrapleural and intraoesophageal 
pressure follow one another exactly, from which it can be concluded that in- 
trapleural pressure changes brought about by respiration are faithfully re- 
produced in the mediastinum and, therefore, in the oesophagus too. Intra- 
tracheal and intrapleural pressures usually show simultaneous and similar 
variation, but there are occasions—for example when the animal bleats— 
when the intratracheal pressure becomes markedly elevated (about 30cm H,0). 
Greater diminution of intrapleural pressure associated with the greater in- 
spiratory effort of sighing is reflected in an identical fall in intratracheal and 
intraoesophageal pressure. In these circumstances the pressures fall to 
minus 20-30 cm H,O (see. Fig. 2). 

In order to investigate the part played by the diaphragm in increasing i ales 
thoracic volume in goats, an anaesthetized goat was X-rayed from the dorsal 
aspect. Both sets of phrenic rootlets were prepared for division in the neck. 
Radiographs were made in inspiration and expiration for the intact animal, 
and again in both phases of respiration when one phrenic nerve was divided, 
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and then with both motor nerves divided. It was seen that even with the 
phrenics intact there is only slight backward movement of the diaphragm 
with inspiration. In the normal conscious animal the movement may be 
somewhat greater, for the positioning of the animal for X-ray prevents easy 
movement of the abdominal contents. This experiment was not entirely satis- 
factory because of movement of the animal between exposures, associated 


| Time (sec) 

Fig. 2. Simultaneous pressure records from the trachea and thoracic oesophagus. The upper set 
of records are from a normal goat and the lower set from a goat with both phrenic nerves 

divided. 

with division of the phrenic nerves, no doubt owing to stimulation of the 

afferent fibres which are known to pass in this nerve. When both phrenics 

are divided the diaphragm is pushed forward about 1 cm at the dome into 

the thoracic cavity and shows no movement with inspiration. 


Pressure records have been made from exactly similar sites both in the | 


experimental goats and in the intact animals. In all animals, whether with 
tracheotomy, unilateral phrenic section, bilateral phrenic section or both 
tracheotomy and bilateral phrenic section, the intrapleural, intraoesophageal 
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and intratracheal pressure changes are identical with those of normal goats. 


(Fig. 2). In eupnoeic breathing the reduction of pressure with inspiration is 
approximately 5 cm H,0. 

Respiration activity, however, shows great differences after these surgical 
interferences. Tracheotomy, together with bilateral phrenic sections, causes 
the greatest divergence from normal, for under these circumstances the ribs 
perform much more movement with inspiration and at the same time the 
relaxation of the adbominal muscles allows the flanks to bulge as the abdominal 
viscera move posteriorly. During this phase distension of the lungs and out- 
ward movement of the ribs apparently press the diaphragm backwards on to 
the abdominal viscera. In expiration the inward and backward movement of 
the ribs is accompanied by the simultaneous contraction of the abdominal 


muscles, so that the abdominal viscera are squeezed forwards. Similar respira- 


tory activity occurs in those animals with bilateral phrenic section, but here 
_ it is less marked. Goats with unilateral phrenic section or with an open tra- 
chea show no detectable difference from the —7 activity of normal 
intact goats. 


the breaks in the pressure trace show an interval. of time; the sotual duration of each 
retioulo-ruminal eyole is shown. 


Attempts to record these different pressures during rumination have failed 
_8o far. Observations of the inspiratory effort made by goats during the re- 
gurgitation phase of rumination do not suggest that the imtrathoracic pres- 
sure would fall below minus 20 cm H,0. The larger diminutions of pressure 
seen in the oesophageal trace of Fig. 2 would probably be somewhat similar to 
the fall in pressure occurring in the inspiration associated with regurgitation. 
This figure compares favourably with that recorded from the cow during the 
regurgitation phase of rumination, 10 mm Hg (Wester, 1926). 


Intrareticular and intraruminal pressure 


Pressure recordings from within the antrum of the reticulum are shown in 
_ Fig. 3. The reticulo-ruminal cycles illustrated are of about 45 sec duration. 
32 PHYSIO, CXLII 
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The pressure recorded from the reticulum rises in 2-3 sec to 50 cm H,0 or 
more, and falls rapidly to a resting level near atmospheric pressure. The whole 
contraction does not take longer than 5 sec. This type of pressure record from 
the reticular antrum does not show the biphasic contraction which»is usually 
recorded from the reticulum by balloon water manometer systems (compare 


Figs. 3 and 4). Pressures up to 65 cm H,0 have been recorded in the reticulum. 


Respiration 


Jaw movements 


Pressure iff 
reticulum 


Pressure 
in rumen 


Time (10 see) 


Fig. 4. Tracing to show the relationship of the various events which occur during rumination in the 
goat. All writing points are aligned vertically. Respiration is recorded by stethograph and 
tambour, inspiration is upwards. The special inspiratory effort of regurgitation is marked ~ . 
Jaw movement is recorded from the deformation of a small rubber cushion held under the 
jaw and connected to a tambour. Pressure changes in the reticular and ruminal compartments 
of the stomach are recorded by water manometer systems; increase in pressure causes up- 
ward deflexion of the writing point. | 


These pressures measured by this technique show higher values than those } 


previously recorded, e.g. 95 mm H,O (Quin, Van der Wath & Myburgh, 1938), 

2-5 cm Hg (Wester, 1926) and 2:5-3-5 em Hg (Balch, Kelly & Heim, 1951). 
Ruminal pressure, measured after pushing the tube backwards from the 

oesophageal opening, is of smaller magnitude than intrareticular pressure. 
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Intraruminal pressure varies considerably but rises to a maximum of 20 cm H,0. 
It is likely that the smaller pressure waves shown in Fig. 3 are generated y 
contraction of the rumen. 


Respiration 


Jaw movement 


Pressure iff 
reticuldm 


Pressure 
in rumen 


Time (1 seg} 


Fig. 5. “Tracing to show the events of rumination on a faster time scale than Fig. 4. The i inspira- 
tory effort of regurgitation is marked x ; in the reticulum pressure trace at exactly the same 
time cam: be: Slim as the pressate momentarily. The 
writing points. 


Records of rumination 


, Single cycle. The events of rumination recorded kymographically at an 
intermediate speed are shown in Fig. 4. Immediately before the arrival of the 
food mass in the mouth, seen in Fig. 4 as the first jaw movement of remastica- 
tion, a slightly greater than normal inspiratory effect is made. Preceding 
this inspiration by about a second can be seen the contraction of the reticulum. 
_After pressure in the reticulum has subsided, intraruminal pressure rises 
} occur during the period of remastication. | 
In Fig. 5 the events occurring during the regurgitation phase of rumination 
are shown more clearly at a faster drum speed. The reticulum contraction can 
be seen to occur 2-3 sec before the special inspiration of regurgitation. The 
height of intrareticular pressure coincides with this inspiration and at this 
32-2 
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moment the differential pressure between oesophagus and reticulum would 
be 60-80 cm H,0. The falling phase of pressure within the reticulum shows 
a notch which is due to a momentary loss of pressure as some liquid passes 
from the reticulum into the oesophagus (see Fig. 5). This passage of liquid is 
probably associated with the opening of the oesophageal sphincter. 

Rumination patterns. Examples of recordings of jaw movements from the 
experimental animals are shown in Fig. 6. These records have been made 
using the technique described by Bell & Lawn (1957). The variations in the 
amplitude of the traces are not significant, for they vary both with the posi- 
tion of the rubber cushion in relation to the lower jaw, and. with the tension of 
the spring in the recording piston. The duration of the masticatory process, 
however, is directly comparable between different animals. 

It is obvious from Fig. 6 that only the animal with both phrenics divided 
and the trachea open shows a divergence from normal. In this animal the 
duration of the remasticatory period is very variable, probably owing to 
variation in the amount of stomach contents arriving in the mouth. In some 
regurgitations it appears that only a very meagre amount of stomach content, 
or even none at all, is aspirated into the oesophagus with some reticular con- 
tractions. When the trachea is closed by a rubber bung in this type of animal 
the ability to ruminate shows a very marked improvement. 

Three animals were provided with a unilateral artificial pneumothorax of 
200, 300 and 400 ml. respectively. This volume was maintained while rumina- 
tion was recorded for 7 days. The records obtained were indistinguishable from 
similar records taken from normal goats. 

Goats normally spend about one third of the day ruminating (Bell & Lawn, 
1957). Those animals with tracheotomy, unilateral or bilateral phrenic section 
show no apparent variation of this period. When tracheotomy is added to 
bilateral phrenic section considerably less time is spent in rumination than in 
the normal animal. It is not reasonable to express this variation quanti- 
tatively because of the difficulty in assessing rumination oe with defini- 
tion in such animals. 

DISCUSSION 
In 1875 Toussaint disclaimed the view expressed by Colin (is7 1) that it was 
the contraction of the reticulum and rumen that provided the pressure for 
regurgitation. Toussaint showed that at the moment of regurgitation there 
was a reduction of pressure in the trachea and stated that this pressure drop 
was not correlated in any way with an increase of pressure within the rumen. 
Because of his experiments he decided that regurgitation resulted solely from 
the reduction of intraoesophageal pressure arising from diaphragmatic con- 
traction with the glottis closed. The experiments described here contradict 
this claim of Toussaint (1875), and more recently of Bergmann & Dukes (1926). 
Colin (1871) and Wester (1926) observed earlier that rumination could be 


de 
~ 
iy. 
“a 
¥ 
i 
ME 
Ms 
ay 
ci. 


— 
‘yeuliou Aue smoys ‘peplarp seasou orueryd pus uedo 
= 
= 
Re 
a, 
4 
a 
S 
Re 
x 


i 
<P 
3 
* 


512 | F. R. BELL 


carried out in goats where the phrenic nerves had been divided extrathoraci- 
cally i in the lower neck. It could be claimed, however, that extrathoracic 
section of the phrenic is not conclusive, since it is known that the phrenic 
nerve in the goat may be derived from 5, 6 and 7 cervical roots and that these 
roots may pass through the trapezius muscle to join the main trunk within the 
chest (Jansen, 1931). The phrenic nerve section described here does not, per- 
mit such ambiguity, since division of the whole phrenic trunk within the chest 


ensured complete paralysis of the diaphragm. The combination of intra-— 


thoracic phrenic section and tracheotomy reported here removed the two 
factors which Toussaint claimed were all-important in producing the fall in 
pressure which allowed regurgitation. In animals so prepared rumination still 
remained a constant feature. 

Measurement of intrapleural, intratracheal and intraoesophageal pressure 
in normal goats showed that synchronous pressure variations occurred at all 
three sites, The variations were of a similar magnitude and occurred rhyth- 
mically with the exchange of air in the chest. In eupnoeic respiration the 
variation was about 5cm H,0. In the trachea, with inspiration the fall was 
from atmospheric pressure, in the pleura and oesophagus it was from 2 to 
3 cm H,O below atmospheric pressure. The pressures oscillated together, with 
deep inspirations; in sharp expiration when the animals bleated, the tracheal 
and oesophageal pressures became positive (20cm H,O). So far it has not 
been possible to record pressure from any of these sites while the goats have 
been ruminating. There is no doubt, however, that the pressure will be reduced 
at all three places during regurgitation because of the inspiratory effort which 
occurs at this time. It is probable that the aus reduction is not very large, 
possibly of the order of 20 cm H,0. 

In goats with the phrenics divided and the sliced open the pressure mea- 
sured in the trachea, oesophagus and pleura is similar to that of normal 
animals, but the respiratory movements differ. In the experimental animal 
exaggerated costal respiration is aided by large movement of the abdominal 
muscle to produce the tidal exchange. It is noticeable that goats with an 
inactive diaphragm and open trachea can produce quite a large reduction in 


the pressure of the trachea, pleura and oesophagus, but only by making a 


very great muscular effort. 
The synchronous occurrence of regurgitation with inspiration and maximal 


contraction of the reticulum provides a differential pressure between the re- _ 


ticulum and oesophagus of some 60-80 cm H,O. The opening of the posterior 
oesophageal sphincter (Dougherty & Meredith, 1955) at the height of this 
pressure allows the contents of the reticulum to be ejected forcibly into the 
thoracic oesophagus. This ejection phase takes only a fraction of a second and 
produces a well marked ballistic effect which is characteristic of the regurgi- 
tation phase of rumination. 
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In goats with the diaphragm inactive it would be impossible for the oeso- 
phageal infundibulum described by Wester (1926) to develop and thus to 
produce a fall in pressure sufficient to aspirate liquor from the reticulum, as 
he suggests. Those animals with a denervated diaphragm and an open trachea 
may become more dependent upon the reticular pressure for regurgitation, 
although a greater inspiratory effort than normal could help in producing the 
necessary pressure variation between oesophagus and reticulum. Itis probable 
that animals with a large artificial pneumothorax would also become more 
dependent on reticular pressure for regurgitation. 

The finding of Wester (1926), which has been confirmed "ei Duncan (1952), 
that atropine causes arrest of reticular activity but still permits rumination, is 
rather more difficult to fit into this scheme. It might be that in these circum- 
_ stances the necessary differential pressure between reticulum and oesophagus 
could be produced entirely by an abnormal reduction in oesophageal pressure 
arising from a greater inspiratory effort. 

Rumination records show that neither unilateral phrenic section nor arti- 
ficial pneumothorax have a noticeable effect on the act or duration of rumi- 
nation. Neither bilateral phrenic section nor tracheotomy produce more than 


| slight change in the pattern with occasionally a bout of rumination where 


the rhythm is altered. When bilateral phrenic section is carried out together 
with tracheotomy, the pattern of rumination is quite definitely affected. In 
this type of preparation the animal frequently fails to regurgitate in a normal 
rhythm or in normal volume, and the amount of time spent —~? is 
reduced. 

From the results of the experiments described it is apparent that previous 
workers have placed too great an emphasis on one particular factor out of a 
number which together produce the force necessary to transfer liquid ingesta 
from the reticulum to the mouth in ruminants. It appears more reasonable to 
postulate that in the generation of the force for regurgitation a number of 
factors combine to produce this well-coordinated, rapid and efficient act. 
It would appear that liquid is transferred to the thoracic oesophagus from the 
reticulum as the result of the equilibration of a pressure gradient between 
these cavities following the opening of the oesophageal sphincter close to the 
_ cardia. This pressure difference is built up as a result of a special inspiratory 
effort coinciding with contraction of the reticulum. The material aspirated 
into the thoracic oesophagus is further propelled forward as the pressure rises 
within this organ with the recoil of the chest with expiration, but it is likely 
that antiperistalsis ere the bolus along the cervical en to the 
mouth. 
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SUMMARY 


1. Intrapleural, intratracheal and intraoesophageal pressures have been 
measured in goats by capacitance manometers. The pressure changes at each 
site are synchronous and similar during eupnoeic respiration, producing sub- 
atmospheric pressures of about 5 cm H,0 with inspiration. 

2. Following unilateral phrenic nerve section, or bilateral phrenic nerve 
section or the introduction of a cannula into the trachea below the larynx, 
similar pressure changes occur in the pleural cavity, the trachea and the thor- 
acic cavity during respiration as in the intact animal. The experimental ani- 
mals show no signs of dyspnoea. 

3.. A combination of open trachea and bilateral phrenic nerve section pro- 
duces dyspnoeic breathing, but the pressure variations in the pleural space, 
the trachea and the thoracic oesophagus are similar to the variations seen 
in intact animals. 

4. Pressure waves of 50-60 cm H,0, of less than 5 sec duration, occur in 
the reticulum of the goat at regular intervals of just less than 60 sec. This type 
of pressure record obtained with a capacitance manometer does not show the 
’ biphasic contraction usually recorded from the reticulum by balloon water 
manometer systems. 

5.. When rumination is recorded, divergence from the normal pattern occurs 
only in the goats with an open trachea and bilateral phrenic nerve section. 
Goats with an open trachea, or single phrenic nerve section or bilateral phrenic 
nerve section appear to ruminate in a manner [ene from that of 
normal goats. 

6. Artificial pneumothorax of up to 400ml. volume does not affect 
rumination. 

7. The importance of various factors which could produce the force neces- 
sary to transfer liquid ingesta from the reticulum to the mouth in ruminants 
is discussed. Previous workers may have placed too great an emphasis on a 
single factor in explaining the regurgitation phase of rumination. 

8. The explanation of the generation of the propulsive force for regurgita- 
tion probably lies in the development of a differential pressure between the 
thoracic oesophagus and the reticulum, resulting from a special inspiratory 
effort coinciding with the phasic contraction of the reticulum. On opening 
of the oesophageal sphincter close to the cardia the abrupt pressure equili- 
bration transfers liquid to the oesophagus. Part of the force generated in this 
way is expended as the slight but characteristic ballistic recoil which is a 
noticeable feature of the regurgitation phase of rumination. 


os 
Ww 
aa 
tz 
x 
A 
= 
re 
‘= 
& 


REGURGITATIVE PHASE OF RUMINATION 515 


REFERENCES 
Bacon, C. C., Keniy, A. & Hem, G. (1951). Factors affecting the utilization a food by dairy 
cows. 4. The action of the reticulo-omasal orifice. Brit. J. Nutr. 5, 207-216 
Bet, F. R. & Lawn, A. M. shea The rumination pattern of housed goats. ‘Brit. J. Animal 
Behav. 5, 85-89. 


Brroman, H. D. & Dukes, H. H. (1926), An experimental study of the mechanism of regurgita- 
tion, J. Amer. vet. med. Ass. 69, 600-612. : 


Coun, G. (1871). Traité de Physiologie Comparée des Animaux. Paris: Bailliére et Fils. 
Dovensrty, R. W. & Merzpirs, C. D. (1955). int studies of the ruminant stomach 
and of eructation. Amer. J. vet. Res. 16, 96-100 


Downtn, H. G. (1954). studies of regurgitation and related phenomena in 
ruminants. Amer. J. vet. Res 217-223 


Duncan, D, ‘ (1952). Studies on the at of the Ruminant Stomach. Ph.D. Thesis, Uni- 
versity of London 


JANSEN, J. (1931). Beitrag zur Kenntis der Zwerchfellinnervation. Z. ges. Anat. 1. Z. Anat. 
EntwGesch. 96, 624-657. 


 Quim, J. L, Vaw per Wars, J. G. & Mysuron, S. (1938). Studies on the alimentary tract of 
merino sheep in South Africa. 4. Description of experimental technique. Onderstepoort J. vet. 
Sci. 11, 341-382. 


Stieter, R. (1931). Der Mechanismus def Rumination. Arch. Tiererndhr. Tierz. 4, 613-694. 


Toussaint, H. (1875). Application de la méthode graphique 4 la determination du méchanisme 
de la rejection dans la rumination. Arch. Physiol. 7, 141-176. 


Wests, J. (1926). Die Physiologie und Pathologie der Vormagen beim Rinde. Berlin: R. Schoetz. 


‘ 
Be 
~ 
Ke 
% 
ity” 
ia 
Ag 


J. Physiol. (1958) 142, 516-543 


THE IONIC REQUIREMENTS FOR THE PRODUCTION OF 
ACTION POTENTIALS IN CRUSTACEAN MUSCLE FIBRES 


By P. FATT anp B. L. GINSBORG* 
From the Department of Biophysics, University College London 


(Received 19 March 1958) 


It has been shown that the action potential of the giant axon of the squid 


arises as a result of a regenerative process which depends on the permeability 


of its surface membrane to sodium ions being controlled by the membrane 
potential (Hodgkin & Huxley, 19526). From the relationship obtaining 
between the amplitude of the action potential and the concentration of sodium 
ions in the surrounding solution, this mode of production of the action potential 
_ has been inferred to apply also to vertebrate striated muscle (Nastuk & 
Hodgkin, 1950) and myelinated nerve (Huxley & Staémpfli, 1951). It does not, 
however, apply to crustacean muscle fibres, which, while giving feeble, 


frequently non-propagating responses in their normal environment, containing — 


a high concentration of sodium, produce large, prolonged action potentials 
when the sodium is replaced by quaternary ammonium ions (Fatt & Katz, 
1953). It has further been observed that some ions (e.g. tetra-n-butylam- 
monium) have an irreversible action: after a muscle has been in a solution 
containing such ions for a period of time, they can be removed without the 


muscle losing the ability to produce action potentials, and it is also not neces- — 


sary for the final solution to contain sodium ions. This observation appears to 
eliminate the possibility that the role of quaternary ammonium ions in crus- 
tacean muscle is the same as that of sodium in other excitable tissues. Never- 
theless, an inward transfer of charge across the surface of the fibre is required to 
displace the potential across the membrane capacity to its value at the peak 
of the action potential and to balance the outward current carried by potas- 
sium and chloride ions; it is clear therefore that there must be either an in- 
ward movement of cations or an outward movement of anions. The only 
cations present in all the solutions in which action potentials could be elicited 
which could behave in this way were calcium and magnesium. The possibility 


that an inward movement of calcium ions might be involved in the production — 


* Present address : National Institute for Medical Research, Mill Hill, London, N.W. 7. 
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of the action potential has been strengthened by the recent finding that an 
increased inward movement of calcium takes place during the action potential 
in the squid axon, though there it carries only 10-* times the charge borne 
by sodium ions (Hodgkin & Keynes, 1957). 

In the experiments described below further evidence has been obtained 
on the occurrence in crustacean muscle of action potentials that do not depend 
on the presence of sodium ions. In particular, action potentials were found to 
occur in solutions containing strontium or barium, without treatment of the 
muscle with quaternary ammonium ions, and evidence is adduced which 
suggests that the action potential is produced by an alteration in membrane 
permeability permitting such ions to enter the fibre. | 


The extensor muscle of the carpopodite in walking legs of the crayfish, Astacus fluviatilis, was 
used in investigations carried out from January to September. Some animals had been kept in an 
aquarium with flowing tap water for a period of up to one year. The leg was removed from the 
animal at the point of natural autotomy. The shell on the convex side of the meropodite was en- 
tirely cut away, the underlying flexor muscle was removed, and, under microscopic observation, 
the main nerve trunk, the artery and the small accessory flexor muscle were removed. The leg 
was flexed at the mero-carpopodite joint and was placed in the experimental chamber, where it was 
held in a fixed position by means of short rubber bands. The exposed extensor muscle, which 
consists of fibres about 150, in diameter and 1 cm long running between the apodeme (or tendon) 
and shell, was viewed by light transmitted through the transparent bottom of the chamber and 
_ the remaining shell of the meropodite. 
Two independently manceuverable micro-electrodes were employed for determining the electri- 
cal properties of the muscle fibre (cf. Fatt & Katz, 1951, 1953). After the electrodes had both been 
inserted through the surface of the muscle fibre, a rectangular current pulse was applied through 
one electrode and the resulting potential changes in the muscle fibre were recorded with the other. 
As there were found to be rather large quantitative variations in the behaviour of different fibres 
in a muscle under constant conditions, it was advantageous, in comparing the effects of different 
solutions, to observe the same muscle fibre in each solution. Furthermore, to minimize the haz- 
ards involved in repeated penetration of the fibre with two micro-electrodes, it was desirable to 
keep the electrodes in the fibre while the solution was being changed. For this purpose the bath 
was about four-fifths emptied by suction and then refilled with the new solution, this procedure 
being repeated five or more times for each change of solution, depending on the possible effect of 
contamination by the preceding solution. A check of this procedure with a coloured solution 
indicated that there was virtually complete mixing of the fluids in aici 15 sec following each 
addition. 


| | RESULTS 
Electrical behaviour in solutions of normally occurring tons 
Response in the normal bathing fluid. The bathing fluid was that described 
by van Harreveld (1936) (subsequently referred to as van Harreveld solution) ; 
it had the following composition (m-mole/kg water) Na+ 210, Kt 5-26, 
Ca** 14-0, Mg* 2-8, Cl- 247, HCO,- 2:1, and was made up by mixing in 
appropriate proportions individual solutions of NaCl, KCI, and NaHCO, 
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containing 240 m-mole/kg water and CaCl, and MgCl, containing 160 m-mole/ 
kg water, each of which was taken to be approximately isotonic with the 
muscle. When the muscle was bathed with van Harreveld solution, resting 
potentials were recorded with an internal electrode, having an average value 
of 74 mV (inside negative; range 65-82 mV in 14 fibres). A second electrode 
could be inserted nearby without altering the resting potential by more than 
a few millivolts: The potential changes recorded when rectangular current 
pulses were applied through a nearby electrode are illustrated in Fig. 1. With 
small pulses of either direction producing displacements of up to about 10 mV, 
the time course of potential change was apparently determined by the charging 
of the membrane capacity with a constant leakage resistance (p. 520). The 
usual response to a strong outward current pulse was a local depolarization, 


Fig. 1. Superimposed records of response of crayfish muscle fibre in van Harreveld solution to 
3 current pulses (outward on left, inward on right). Upper sets of records give potential change ; 
lower sets give current. Electrodes for recording potential and applying current were within 
100 of each other. Uppermost trace on left gives potential obtained after withdrawing the 
recording electrode from the fibre. Resting potential was 75 mV. 


during the early part of which there were rapid changes of potential in the form 
of a damped oscillation. The first peak developed with a phase of increasing 


rate of rise, which may be taken as evidence of a regenerative response. A 


large inward current pulse produced a hyperpolarization that had a maxi- 
mum. The relation obtained between the steady displacement of potential 
and the applied current is shown in Fig. 2. The curve has a linear intermediate 
region, which in this fibre extended up to about 20 mV on both sides of the 
resting potential, with a slope typically of about 150 kQ. Although all fibres 
had S-shaped voltage-current curves, the point of zero current did not always 
occur in the region of maximum slope. It was frequently found that with 


increasing depolarization the slope of the curve first increased and then 38 
decreased again; around the resting potential the resistance of the membrane 
increased with depolarization and decreased with hyperpolarization, the op- 
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posite condition from that observed in the slow muscle fibres of the frog 
(Burke & Ginsborg, 1956). 

In some fibres an oscillatory component appeared only when the membrane 
potential was displaced by an amount exceeding the resting potential (i.e. 
the membrane potential was reversed). In a small proportion of fibres no 
oscillatory response could be obtained, even for displacements up to twice 
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| Fie. 2. soning state relation between recorded Slepladeiiint of potential (ordinate) and applied 
current (abscissa) obtained with electrodes close together in muscle fibre in van Herreveld 
solution. Positive ordinate represents depolarization; positive abscissa represents outward 
current. 


the resting potential, and there was no phase of increasing rate of rise of 
potential. When a large outward current pulse was applied to such a fibre, the 
membrane potential displayed a single maximum, which was evidently the 
result of a delayed fall in membrane resistance. The voltage-current curve for 
the steady state was the same in these fibres as in those which developed 
an oscillatory response. 

On a few occasions only, propagated action potentials were produced on 
_ depolarizing fibres in fresh muscles (i.e. muscles that had not been soaked in a 

solution containing a substituted ammonium compound). Such action poten- 
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tials were brief and small (5-10 msec in duration and about 50 mV in ampli- 
tude), compared with action potentials described in later sections of this paper. 

Membrane characteristics for small displacements. It was of interest to con- 
firm the large values previously obtained for the membrane capacity of 
crustacean muscle fibres (Fatt & Katz, 1953). Some difficulty was encountered 
in carrying out a complete analysis of the cable properties of the fibres, because 
in many fibres the space constant A was sufficiently large (compared with the 
length of the fibre 1) for an appréciable potential change to be produced at one 
end of the fibre when current was applied through an electrode inserted at the 
opposite end. In order to simplify the calculations, the internal resistivity 
R, was first determined in fibres in which A was small. The value of R; thus 
obtained was 125Qcm, which is about three times the resistivity of the 
bathing solution, similar to what is found for frog muscle (Bozler & Cole, 
1935; Katz, 1948) and for marine crustacean muscle (Fatt & Katz, 1953; 
Shaw, 1955). The membrane resistance Rm in these selected fibres was about 
1000 Q cm?* and the membrane capacity was about 20F/cm*. In other fibres 
Rm was calculated from observations on a single insertion of the electrodes by 
the relation — 


where R is the ratio of the steady voltage to current, the electrodes being 
placed close together at one end of the fibre, and d is the fibre diameter, which 
in cases where it could not be measured visually was taken to be 150y. As 


a result of such calculations, it appears that the membrane resistance ranged 
up to about 5000 Q cm*. It also appears from the time course of potential 


change that the membrane capacity was less variable from fibre to fibre than — 


was the resistance. 

Effect of changes in the concentration of tons. An increase in the K concentra- 
tion above that present in van Harreveld solution caused a reduction in resting 
membrane potential and vice versa. An increase in the external K concentra- 
tion, as well as lowering the membrane potential, caused a reduction of mem- 
brane resistance, as indicated by a change in slope of the voltage—current 
curve for small displacements of potential. Omission of K from the bathing 
solution caused an increase in membrane potential of 10-15 mV, together 
with a several-fold increase in membrane resistance. An oscillatory response 
_ was evoked by current pulses producing large depolarizations with concentra- 
_ tions of K from zero up to 24 mm. | 
Raising the concentration of Ca caused an increase in membrane resistance 


without ‘any change in membrane potential, and conversely, the removal of — 


Ca caused a decrease in membrane resistance. The effect of changes of the 
Ca concentration on the oscillatory response was somewhat variable. In 
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some fibres raising the Ca concentration to three times its normal level in- | 
creased the oscillatory response obtained at large depolarizations. In other 
fibres raising the Ca concentration appeared to have no effect, although in- 
jury caused by contraction made any but gross changes uncertain. Washing 
the muscle with a Ca-free solution, while it often reduced the oscillatory 
response, failed to eliminate it: the response could still be evoked in a solution 
consisting simply of 240 mm NaCl. However, washing with Ca-free solution 
was probably insufficient to remove all Ca ions from the immediate neighbour- 
hood of the fibres. A further alteration in the electrical properties could be 
effected by the addition of citrate to the bathing solution (usually in a con- 
centration of 60 mm). In a solution containing citrate and having the normal 
K concentration, the membrane resistance was very low and the voltage- 
current curve appeared linear over a wide range (slope of about 30 kQ). In 
a K-free solution containing citrate the fibre membrane had a considerably 
higher resistance, and the slope of the voltage-current curve decreased with 
large voltage displacement in both directions from a maximum of about 
80 kQ around zero current (in four fibres). The addition of citrate invariably 
removed all trace of a regenerative response. In a K-free solution the mem- _ 
brane resistance was sufficiently high for the time course of the potential 
change to be observed clearly; for depolarizations greater than about 30 mV, 
it had a single maximum, characteristic of a delayed decrease of membran 

resistance. 

The resting potential usually fell several millivolts on treatment with citrate. 
Muscles did not survive well soaking for more than half an hour in a Ca-free | 
solution, or even fairly short periods in a citrate solution, the fall in resistance 
becoming irreversible. A deleterious action was also exerted by very high 
concentrations of Ca. In 160 mm-CaCl, the membrane resistance was typically 
high, but fell progressively, and when the muscle was later returned to the 
normal bathing solution the resistance fell to a lower value than normal. The 
oscillatory response was depressed at this high concentration. 

Magnesium had no significant effect on the properties of the fibre. It could 
be omitted or its concentration increased several-fold without causing a de- 
- tectable change in the electrical properties. Its presence, even in a fairly © 
high concentration (53 ma), did not prevent the loss of membrane resistance 
that was caused by the withdrawal of Ca. 
- The effect of Na was examined in view of the finding of Fatt & Katz (1953) 

that the replacement of Na by sucrose abolished the propagated action poten- 
tial that normally occurs in some marine crustacean muscles. (It should be 
noted, however, that a local regenerative response was found to remain after 


---the removal of Na, and this was further reduced or abolished when the Ca 


was withdrawn.) In the present experiment the osmotic pressure was main- 
tained when the Na was removed by the addition of sucrose, glycine or tris- 
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(hydroxymethyl)-amino-methane. (The last substance, abbreviated Tris, has 
been used as a Na-substitute by Niedergerke & Liittgau, 1957.) Sucrose and 
glycine, made up into isotonic solutions of 440 mm from the pure substances, 
would be uncharged, while Tris was present partly in the form of a cation, 
the isotonic solution consisting of 120 mm TrisCl and 130 mm Tris base. The 
replacement of Na by any of these three substances did not appreciably affect 
the properties of the fibre as reflected in the voltage-current curve. When Na 
was replaced by sucrose, the oscillatory response was consistently reduced, 
but not abolished. In contrast, the oscillatory response was unaffected by the 
replacement of Na by either glycine or Tris. It could still be obtained in an 
isotonic solution of Tris alone. It may be concluded that the reduction of 
the response in sucrose was not due to the withdrawal of Na specifically or to 
the reduction in ionic strength, but to some other action. 

Crayfish muscles survived bathing in a solution with the NaCl replaced by sucrose better than 
did crab muscles, in which case it was necessary to raise the Mg concentration to a high level to 
avoid an irreversible loss of membrane potential and resistance which was presumed to depend on 


the ionic strength (Fatt & Katz, 1953). However, in the crayfish muscle bathed in sucrose solu- 
tion, there were still observed to occur, as was reported for crab muscle, slowly travelling waves of 


_ contraction, appearing under the microscope as wandering bulges. In confirmation of earlier 


unreported observations in the crab, the propagation of such a bulge did not cause a change in the 
recorded membrane potential as long as the electrode was not dislodged by the movement. 

The normal van Harreveld solution was kept at about pH 8-5 by the presence of 2-1 mm-HCQ,. 
The electrical properties of the fibre were examined over the range pH 7-9-5 using a borate buffer, 
and were found to be constant. In many of the experiments HCO, was omitted from the bathing 
solutions, which were made up of neutral salts. This was necessary in the case of solutions con- 
taining Sr or Ba to avoid the formation of insoluble carbonates. — 


Action potentials occurring in fibres treated with substituted ammonium tons 

It has previously been reported (Fatt & Katz, 1953) that muscle fibres of 
marine crustaceans are capable of producing prolonged action potentials after 
a period of soaking in a solution containing tetra-n-butylammonium (TBA) 
or benzyl-trimethylammonium ions, and continue to do so following the re- 
moval of these ions from the bathing solution. In the present investigation 
similar findings were obtained on crayfish muscle fibres in solutions of TBA. 
It was further confirmed that the resting potential declined slowly during the 
time that the muscle remained in the TBA solution.. Another result, similar 
to that reported for marine crustaceans, was that large action potentials of 
about 50 msec duration were elicited in a solution in which from one third to 
all the Na was replaced by tetraethylammonium ions (TEA). Using TEA (1 
supplied by Messrs Parke Davis and Co., which had been prepared by a method 
that avoids contamination by heavy metals, the resting potential of the fibres 
remained constant over a period of several hours, Further investigation re- 
vealed that after a muscle had been soaked in a solution of TEA and Ca (van 
Harreveld solution with TEA substituted for Na, a similar solution without 
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K, or one consisting of 16 mm-Ca and 216 mm TEA). for 20 hr at 5° C, action 
potentials could be elicited in most fibres for a period of several hours following 
the removal of the TEA. The properties of the fibres in this condition were 
examined in detail. An advantage of working with the fibres after prolonged 
soaking in TEA, either with or without the substance remaining in the solu- 
- tion, was that the contraction that normally accompanies the action potential 
was then very small, and was often not discernible even under microscopic 
inspection (cf. Fatt & Katz, 1953, where a similar disappearance of the con- 
traction was reported after soaking in TBA). This is in sharp contrast to the 
behaviour when the muscle had been in TEA for a comparatively short time: 
the contractions were then extremely powerful and frequently caused the con- 
tracting fibres to tear off the shell. In about one third of the fibres examined 
after soaking in TEA, action potentials could not be elicited. It is possible 
that those fibres that did not produce action potentials after treatment with 
TEA were those that did not show an oscillatory response before treatment. 
The action potentials that were recorded in the majority of fibres after 

prolonged soaking in TEA and set up in K-free van Harreveld solution had a 
rectangular shape, similar to that described by Fatt & Katz (1953) for action 
potentials in crab muscles exposed to various substituted ammonium com- 
pounds. The amplitude of the action potential in different fibres ranged be- 
tween 90 and 120 mV. In nine fibres in which resting and action potentials 
were recorded, the resting potential had a mean value of 78 mV (range 73- 
91 mV), and at the summit of the action potential there was a reversal of 
membrane potential with a mean value of 24 mV (range 15-37 mV). The dura- 
tion of the action potential, measured between points on the rising and falling 
limbs at one half the peak amplitude, varied between 0-15 and 0-7 sec. The 


| rising phase was examined either by use of a fast sweep or with the aid of an — 


electrical differentiating circuit, and the maximum rate of rise was found to 
vary between 6:5 and 28 V/sec. The resistance indicated by the displacement 
of the early part of the plateau by a current pulse varied in different fibres 
between 20 and 70kQ. On repetition of the stimulus, an interval of a few 
- Minutes or more was necessary for successive responses to be of constant size; 
at shorter intervals the successive responses to a series of stimuli rapidly 
declined in size and duration and eventually failed to be propagated. 
It was readily determined that Ca was the only ion present in van Harreveld 
solution that was significant to the production of the action potential in the 
_ TEA-treated muscle. Action potentials of the usual amplitude and duration 


were recorded in Na-free solutions, the osmotic pressure being made up by 


Tris or sucrose. The omission of Mg also had no effect, and, as observed by 
changing the bathing solution while recording from a single fibre, raising the 
Mg concentration to the extent of replacing half of the Na in K-free van Har- 


teveld solution did not — the — of the action potential. On-the 
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other hand, when the muscle was washed with a Ca-free solution the ability 
to produce action potentials was abolished, although often a small non- 
propagating response remained. The addition of citrate completely removed 
_ any regenerative response and caused the resistance to fall. When the citrate 
was then removed and Ca replaced the action potential returned. The with- 


drawal of Ca was observed in two fibres to be effective in reversibly abolishing — 
the action potential, when besides Ca the solution consisted of a mixture of | 


equal amount of isotonic MgCl, and NaCl. Raising the concentration of Ca 
above the normal level (14 mm) caused the amplitude and maximum rate of 
rise of the action potential to increase. 


Fig. 3. Action potentials recorded from a muscle fibre in solutions of different Ca Geltentration 
after treatment for 20 hr in a TEA solution. Records, as shown from left to right, obtained in 
solutions of 4, 8 and 16 mm-Ca in addition to Tris. Stimulating current pulse of 10 msec 
duration was applied a few millimetres from position of recording. Record on right includes 
potential changes produced by pulses which failed to stimulate. 

| 

The relation between the action potential and the Ca concentration was 
examined in a few fibres. The result of an experiment in which Tris was em- 
ployed as an inert substance is illustrated in Fig. 3. The muscle had been 
soaked in a solution with TEA substituted for Na for about 20 hr. Before 
records were obtained the muscle had been washed briefly in a citrate solution 
and placed in a solution of isotonic Tris, at’ which stage there was no regenera- 
tive response. Records were then taken of action potentials occurring when the 
muscle was bathed in solutions of 4, 8 and 16 mm Ca with Tris. The potential 
at the summit of the action potential increased by about 13 mV for each 


doubling of the Ca concentration. (The correction for liquid junction potential 


at the bath electrode, mentioned on p. 530, is not significant with these changes 
of solution.) The maximum rate of rise was also measured and was found to be 
8, 12-5 and 15-5 V/secin 4, 8 and 16 mm-Ca respectively. In another experiment 
in which the bathing solution consisted of 160 mm-Na and 53 mm-(Ca+ Mg) 
with the Ca and Mg in varying proportions, the change in the potential at 
the peak of the action potential for doubling the Ca concentration was about 
7 mV between 5 and 30 mm-Ca. 


The variation of the peak of the action potential with Ca concentration did | 


not continue beyond about 40 mm. The duration of the action potential in- 


creased with the Ca concentration up to about 20 mm, beyond which it was 
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constant or decreased. This is illustrated in Fig. 4. The current pulse which set 
up an action potential in 14 mm- Ca is seen to be insufficient to elicit one in 
28 mm. The stimulating and recording micro-electrodes were close together 
and the threshold depolarization at which the action potential arose can be 
seen to be higher at the higher Ca concentration. A displacement also occurred 
in the potential at which the plateau of the action potential was terminated, 
with the result that the action potential failed to increase in duration despite 
an increase in the amplitude and a decrease in the rate of decline during the 
plateau. At a concentration of 160 mm the action potential was not sustained 
in the absence of an applied outward current. An action potential of 0-5-1 sec 
duration was elicited by a maintained outward current, but it could be ter- 
minated earlier by the cessation of current. Such a ‘ve. smene would not be 
fully propagated. 


100 


Fig. 4. Action potentials recorded in THA-treated muscle fibre with electrodes close together. 
Record on left obtained in K-free van Harreveld solution ; that on right in a solution with Ca 
concentration raised to 28 mm. Lower traces record the applied current. Record on right 
includes subthreshold potential change produced by weaker of two current pulses. : 


Tris, which is a primary amine, did not affect the properties of a muscle 
fibre during a period of a few hours. However, after 20 hr in a solution of 
16 mm-Ca and Tris (replacing all other cations), action — could be 
elicited in some fibres. 


Production of action potentials in solutions of strontium and barium tons 

Effect of replacing calcium by strontium or barium. From the preceding 
experiments it is evident that Ca is the only ion in the normal bathing solution 
that is essential for the occurrence of the action potential in a muscle treated — 
with TEA. In an extension of these investigations the effects of the heavier 
elements of the alkaline earth group were studied. It was found that sub- 
stitution of Sr or Ba for Ca in van Harreveld solution made it possible for 
action potentials to be regularly elicited from muscle fibres without previous 
- exposure to a substituted ammonium compound. The change occurred without 


_ delay on the admission of Sr or Ba (except for very low concentrations of Ba), 
33-2 
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and was immediately reversed on washing out these ions. The effect differed 
from that of TEA or other substituted ammonium ions, in that after treatment 
with the substituted ammonium ion the reversal was always slow. The pre- 
sence of cations other than Sr or Ba was not necessary for the production of 
the action potential, as shown by the fact that large action potentials were 
elicited in solutions consisting simply of 160 mm-SrCl, or BaCl, or mixtures of 
these salts with sucrose. When a muscle, previously treated with TEA to 
produce action potentials, was transferred from van Harreveld solution to a 
similar solution with Sr substituted for Ca, the action potentials were length- 
ened. With Ba substituted for Ca the action potentials were still further 
lengthened and they were of greater duration than those obtained in the un- 
treated muscle in this solution. Contractions of moderate strength accom- 
panied the action potentials in solutions of Sr and Ba. Their strength fell off on 
repeated stimulation of a fibre (p. 529). 

Characteristics of the action potential in isotonic strontium chloride. In this 
solution the resting potential had a value of about 90 mV,, and the resistance 
of the fibre, determined for small displacements of potential, was about 
300 kQ. Unlike the effect of isotonic CaCl,, SrCl, did not cause a progressive 
fall in membrane resistance. Two muscles were kept in isotonic SrCl, at room 


temperature for more than 20 hr, and at the end of this period the properties 


of the fibres, including their ability to produce large action potentials, were 
unchanged. (The success of this experiment depended probably also on an 


antibacterial action of Sr, for in ordinary van Harreveld solution muscles | 


showed signs of disintegration after this period.) - 
For the measurement of amplitude and time course, action potentials were 


initiated by an outward current pulse several millimetres away from the — 


position of recording. A typical action potential recorded in this way is 
illustrated in Fig. 5, which also includes a differentiated record of the response. 
A notable feature of the response, brought out in the differentiated record, is 
the very rapid fall in rate of rise of the action potential. The very large second 
derivative of potential (with respect to distance as well as time,"since presum- 
ably the potential change propagated at constant velocity) which occurred 
at this time reflects a sharp pulse of inward current which persisted for about 
msec. 

The action potentials recorded in thirty-eight fibres in nine muscles had an 
amplitude of 134+11 mV (mean and s.p.). In twenty-three fibres in which 


both resting and action potentials were recorded, the resting potential was 


89+9 mV, and at the summit of the action potential the membrane potential 
was reversed by 45+8 mV. In four fibres of this group the reversal of potential 
attained, or approached to within 2mV, the maximum observed value of 
56 mV. (An error may be present in these measurements owing to an in- 
fluence of Sr on a the liquid junction potential at the tip of the ener. 
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From a comparison of potentials obtained from micro-electrodes of normal 
size, as used for intracellular recording, with those obtained from electrodes 
of larger tip diameter, it appears that this frequently caused the micro-electrode 
to be about 10 mV more positive in 160 mm-SrCl, than in 240 mm-NaCl. It is 
possible therefore that the resting potential may have been underestimated by 


_ this amount, and the overshoot of the action potential may have been corres- 


pondingly overestimated.) The maximum rate of rise, determined in eleven 


Fig. 5. Action potential recorded from muscle fibre in 160 mM-SrCl,. Lower trace obtained by 


differentiation of the potential change recorded on upper trace. Uppermost undeflected 
trace gives potential recorded on withdrawing from the fibre. Stimulating current pulse of 
5 msec duration was applied several millimetres from position of recording. 


fibres, was 52 V/sec + 11 V/sec. The duration of the action potential, measured — 
between half-maximal points, varied between 15 and 100 msec. The threshold 
depolarization, measured as the maximum potential change produced by a 
long current pulse which just failed to set up an action potential (recording 
close to the point of application of current), varied between 20 and 50 mV. 
The falling phase showed a wide variation in different fibres. It was frequently 
composed of a number of steps, as in the record of Fig. 7 for the fibre in 80 mm- 
Sr and 120 mm-Na. This was probably caused by differences in the duration 
of the active state of the fibre membrane in different areas. 

The effect of a maintained outward current during the action potential 
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is illustrated by the superimposed records in Fig. 6. For this type of experi- 
ment the current and recording electrodes were placed close together (within 
about 50). A pulse of short duration (about 2 msec) elicited the usual action 
potential following the early displacement of potential. When the current was 
maintained, the summit and plateau of the action potential were displaced 
by a nearly constant amount. In the case of the experiment illustrated in Fig. 6 
the fibre had been stimulated a number of times before obtaining these records 
and the action potentials were somewhat depressed because of local injury. 


Fig. 6. Displacement of the action potential recorded in & muscle fibre im 160 mm-SrCl, produced 
by a maintained outward current pulse. Lower trace records the applied current. The elec- 
trodes for applying current and recording potential were about 50, apart. The larger, brief 
current pulse set up the undisplaced action potential. The fibre giving these action potentials 
was probably in an injured condition as a result of previous stimulation. 


In the five fibres examined in this way, the potential at the summit of the 
action potential was found to vary linearly with the current up to the largest 
outward current that could be applied through the electrode (about 3,,A), 
giving ‘active’ resistances between 11 and 20 kQ. The duration of the action 


potential was usually not altered appreciably by its displacement, which would . — 


to some extent depend on local currents flowing between that part of the fibre 
where the action potential was displaced by current and neighbouring parts 
where it was not. With a maintained current the potential fell to a minimum 
at the end of the action potential and then slowly rose again. Variation of the 
current gave a proportional displacement of the minimum at the end of the 
action potential with a resistance of 50 kQ in a fibre which had a resistance of 
15 kQ during the plateau. Assuming a fibre diameter of 150, and an internal 
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resistivity of 125Qcm, these results indicate a membrane resistance of 
about 16Qcm?* during the action potential, rising to about 175 Q em? at 
its termination. In comparison the membrane resistance at rest was about 
6000 2 cm*. It should be noted, however, that the estimate of the very low 
membrane resistance during the action potential is uncertain, because the 
simple cable analysis cannot be properly applied when the space constant of 
the fibre is little greater than its diameter. 

When the stimulus was repeated at intervals of less than about 10sec, 
successive action potentials showed considerable reduction in duration, and 
some reduction in amplitude. In two fibres, following an initial decline during 
repetitive stimulation at 3 and 2-5 sec intervals, a large number of action poten- 
tials were set up with very little change (50 and 60 action potentials for the 
two fibres). At 2 sec intervals only 8 action potentials could be obtained in one 
of these fibres; subsequent responses failed to propagate and varied in size. This 
differs from TEA-treated muscle, in that considerably smaller intervals were 
sufficient in Sr for an equivalent degree of recovery. It was furthermore noted 
that progressively weaker contractions were produced on repetitive stimula- 
tion, irrespective of the interval of stimulation, with the result that the con- 
traction was barely detectable after the fifth stimulus. The action potentials 
did not alter while the contractions were vanishing. | 

Dependence of the action potential on the strontium concentration. In each of 
two-muscles resting and action potentials were recorded, in groups of fibres, 
with Sr concentrations of 160, 80 and 40 mm. In the last two solutions the 
osmotic pressure was made up to its normal level with Na. The mean results 
of measurements on eight fibres in each solution were: resting potential, 87, 
93 and 96 mV, respectively (s.z. between 3 and 4:5 mV); overshoot of action 
potential beyond zero membrane potential, 47, 36 and 23 mV (s.z. about 2 mV). 
The maximum rate of rise of potential was measured in most of these fibres 
and had mean values of 41, 32 and 31 V/sec in the three solutions. Of the three 
parameters that were measured the overshoot was the most consistent. The 
resting potential was liable to be reduced by injury to the muscle fibre caused 
by penetration with the micro-electrode, while the overshoot was hardly 
affected. (The smaller value of the resting potential with higher Sr concentra- 
tion may have been due to the greater effect of leakage at the electrodes when 
the resistance of the resting fibre was higher.) The maximum rate of rise varied 
widely in different fibres, and in some cases the differentiated rising phase had 


a complex time course produced apparently by lack of uniformity in the fibre. 


Some measurements were made at the lower concentrations of 20, 10 and 
5 mm-Sr. but these were more variable and cannot very well be summarized 
statistically. The lowest concentration at which propagated action potentials 
were obtained was 5 mM, a concentration of 2-5 mm being tried in several 
fibres without success. In some fibres, however, fully propagated action 
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potentials could not be elicited even in 10 mm-Sr: a local regenerative response 
occurred, which was small compared to the propagated action potential 
recorded at a somewhat higher concentration, and varied with the strength 


of the stimulating pulse, depending probably on the spatial extent of the. 


fibre brought into activity. 

To avoid the variability that existed between different fibres, an attempt 
was made to record action potentials from single fibres in solutions of different 
composition, keeping the electrodes in place while the bathing solution was 
changed. The result of one such experiment is illustrated in Fig. 7. In this 
experiment three action potentials were recorded in 5 mm-Sr, two each in 
10, 20 and 40 mm, and one in 80 mm, after which the fibre was injured and no 


Fig. 7. Action potentials recorded from a fibre in different concentrations of Sr. Records as 
displayed from left to right were obtained in 5, 10, 20, 40 and 80 mm-Sr together with Na. 
Stimulating pulse of 10 msec duration was applied several millimetres from position of 
recording. 


further action potential could be elicited. The action potentials in each of the 
solutions with 10, 20 and 40 mm-Sr agreed to within 3 mV. The first action 
potential in each was recorded 3-5 min after the solution had been run into 
the bath and the other 8-10 min later, immediately before changing to the 
next solution. The reproducibility of the response indicated that the change in 
the action potential was complete by the time the first record was taken. The 
possibility of interference by mechanical injury could be reasonably excluded 
since the only changes in the resting potential were small increases which were 
related to the increase in Sr concentration. In a separate determination of the 
potential existing between a KCl-filled capillary electrode with a resistance 
under 1 MQ and the large recording electrode, which was constructed with an 
agar gel of 240 mm-NaCl separating the bathing solution from a Ag—Ag(l 
junction, it was found that replacement of NaCl by SrCl, in the bathing solu- 
tion caused a shift in the potential between the two electrodes making the 
capillary electrode more positive. This shift in recorded potential would arise 
mainly as a result of the change in conditions at the junction between the 
bathing fluid and the large recording electrode. Between 160 mm-Sr(l, and 


240 mm-Na(C]l it amounted to about 4-5 mV. After allowance is made for the - 


rather minor changes in junction potential, the corresponding increments in the 
potential at the summit of the action potential were 18, 14, 11 and 10mV. 


The result of another experiment on a single fibre, in which there occurred 
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a loss of resting potential due to injury following each contraction of the fibre, 
is illustrated in Fig. 8. A single action potential was recorded in each solution. 
- The recorded levels of potential at rest and at the peak of the action potential 
are indicated by hollow circles and triangles respectively. The same quantities, 
after correction for junction potential determined as described above, are plotted 
as filled circles and triangles (potentials all taken with respect to the initial 
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_ Fig. 8. Results obtained on the resting and action potentials of a muscle fibre in different con- 
? centrations of Sr (together with Na). A single action potential was recorded in each solution, 
‘the solutions being changed in the order indicated from left to right. Hollow circles give the 

recorded level of potential at rest; hollow triangles give the recorded potential at the summit 
of the action potential; filled circles and triangles give these quantities corrected for changes 
in liquid junction potential. The position of zero membrane potential is liable to considerably 
greater error than the changes of potential, as it was obtained on withdrawing from the fibre 
more than an hour after the plotted resting and action potentials were recorded. | 


condition in 160 mm-SrCl,). The good reproducibility of the potential at the 
peak of the action potential in a given solution, despite differences in resting 
potential caused by injury, conforms with the behaviour observed in frog 
muscle (Fatt & Katz, 1951). The variation of the corrected potential at the 
peak of the action potential with the Sr concentration amounted in this fibre 
to a change of 8 mV for each doubling of the concentration. An obvious 
_ exception was the response recorded the second time the muscle was placed in 
10 m-Sr. Only a local response was set up, and this was observed as a poten- 
tial change of 11 mV at the recording electrode which was situated several 
millimetres from the point of stimulation. In some other experiments action 
_ potentials were recorded in different concentrations of Sr with sucrose or 
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TrisCl being used instead of NaCl to keep the osmotic pressure at its normal 
level. When sucrose was used, the fibres suffered greater loss of resting poten- 
tial at the lower Sr concentrations than when either NaCl or TrisCl were used. 
Otherwise the results were not significantly different. It was found that, 
while for any individual fibre the potential at the peak of the action potential 
varied, to a fair degree of accuracy, linearly with the logarithm of the Sr 
concentration (at least above 20 mm-Sr), there was a considerably wider seatter 
in the increment produced for a given ratio of concentrations between dif- 
ferent fibres. In six fibres, in which action potentials were recorded in at least 
three different concentrations, the increment for doubling the concentration 
was between 6 and 13 mV. 

In two experiments on single fibres the maximum rate of rise of the action 
potential was measured in different Sr concentrations. Although the measure- 
ments showed a poor degree of reproducibility, they do indicate that the 
maximum rate of rise increased with the Sr concentration but was not directly 
proportional to it, the increase being roughly 20% for doubling the concentra- 
tion, An attempt was also made to measure the resistance at rest and during 
the action potential in single fibres in different Sr concentrations, but only a 
limited degree of accuracy could be achieved because of injury by the repeated 
contractions. The result obtained in one fibre, supported by less complete 
findings in two other fibres, was that, when the Sr concentration was lowered 
to a quarter (from 160 to 40 mm) the resting resistance, measured by the 
application of a weak current producing a hyperpolarization of a few millivolts, 
altered by a factor of 0-75; on the other hand, the active resistance, measured | 
by the application of an outward current during the action potential sufficient 
to raise the summit by up to 25 mV (two intensities of current were used at 
both concentrations, giving a linear relation between displacement and cur- 
rent), was found to alter by a factor of 1:20, It is deduced from this that the 
resistance of the resting membrane decreased by a factor of about 0-5 and the 
resistance of the active membrane increased by a factor of about 1-5 for this 
reduction in Sr concentration. In these experiments Na was used to replace 
Sr at the lower concentrations. In two other fibres sucrose was used instead of 
Na, and a considerably greater reduction in resting resistance occurred when 
the Sr concentration was lowered. The effect on the active fibre was not 
determined satisfactorily, but in view of the absence of any difference in the 
amplitude of.the action potential it is unlikely that the use of sucrose instead 
of Na would affect the active resistance of the membrane. Rie 

The effect of other cations on the strontium action potential. As has already 
been indicated, similar action potentials were obtained with Sr, whether or not 
Na was also present. In one experiment on a single fibre, a solution of 80 mm- 
SrCl, and 120 mm-NaCl was replaced by one of 80 mm-SrCl, and 220 m™ 
sucrose, without affecting the amplitude of the action potential, its rate of rise, 
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or its duration ; the only change which occurred was in the final fall of potential — 
at the end of the plateau, which was variable in any case. Similarly, the addi- 
tion of Mg in a concentration up to at least 40 mm caused no detectable change. 
The addition of K reduced the resting potential and the action potential 
reversibly by about the. same amount, the peak of the action potential occur- 
ring at a nearly constant potential. This is illustrated for a single fibre in 
Fig. 9 where, to a solution of 80 mm-Sr and 120 mm-Na, K was added in a 
concentration of 24 mm, partly replacing the Na. The result was a decrease 

in the resting: level of potential by -2l-mV, while the amplitude of the action 


Fig. 9. Action potential recorded from fibre in 80 mm-Sr and 120 mm-Na (left) and in 
80 ma-Sr, 96 mm-Na and 24 mm-K (right). 


potential fell by 18 mV. A similar result was obtained when resting and action — 
potentials were examined in groups of five different fibres in each of two solu- 
tions, one consisting of 53 mm-Sr and 293 mm sucrose and the other of 53 mm- 
Sr, 249 mm sucrose and 24 mm-K. An additional effect of K, which is evident 
in Fig. 9, is a small increase in the duration of the action potential. 

An experiment in which 40 mm-Ca was added, replacing half the Na of a 
solution containing initially 80 mm-Sr and 120 mm-Na, is illustrated in Fig. 10. 
There was no perceptible change in the resting potential, but the action poten- 
tial was reversibly shortened and its amplitude reduced by 5 mV. The maxi- 
mum rate or rise was also reduced from about 40 to about 30 V/sec. A similar 
result was obtained in another fibre examined in these solutions. 

Action of barium. Muscle fibres exposed to a solution containing Ba acquired 
a high membrane resistance. The addition of only 1-5 mm-Ba to a solution of 
16 mm-Ca with NaCl caused the resistance of the fibre to be approximately 
doubled. This effect required about 1 hr to develop. With higher concentra- 
tions the resistance increased more rapidly and reached higher values. In 
160 mm-Ba (isotonic BaCl,) the resistance of the fibres rose to about 5MQ. 
According to the equations given on p. 520, for a fibre 1 cm. in length and 
150 » in diameter, with an internal resistivity of 125 Q cm, this would 
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indicate a space constant of 2-3 cm and a membrane resistance of 280 kQ cm?, 
Assuming the membrane capacity to be unchanged at 20~F/cm?, the mem-__, 
brane time constant would be 5 sec (cf. Fig. 11). 

Action potentials wereelicited in 160 mm-Ba, which had a rising phase similar 
to that observed with Sr, but with a plateau of much greater duration, varying 
from 0-4 to 12 sec. The beginning of an action potential in this solution 
is shown in Fig. 11, Two outward current pulses of about 50 msec duration 


Fig. 10. Action potential recorded from a fibre in 80 ma-Sr and 120 mm-Na (left), and in 
80 mm-Sr, 60 mm-Na and 40 mm-Ca (right). 


Fig. 11. Beginning of an action potential recorded in 160 mM-BaCl,. The initial depolarization 
produced by the current pulse is shown, but the subsequent rapid rising phase of the action 
* potential failed to be photographed. The plateau of the action potential lasts to the end of the 
sweep. The subthreshold potential change produced by a weaker pulse is also shown. The 
current pulses were about 70 msec in duration. The undeflected upper trace gives the poten- 

tial recorded after withdrawing from the fibre, 
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were applied during successive sweeps. The first produced a depolarization 
which developed at a nearly constant rate to about 9 mV when the current was 
_ terminated; the potential then fell very slowly in conformity with a membrane 
time constant of several seconds. The second current pulse produced a depolar- 
ization rising to about 25 mV at which an action potential was initiated with 
a further rapid rise of potential (not visible at the slow sweep speed employed). 
The plateau of the action potential continued to the end of the sweep. 
The level of zero potential was recorded on another sweep after withdrawal of 
the recording electrode from the fibre. In this fibre the recording resting 
potential was 75mV and the maximum reversal of potential was 69 mV, 
declining to about 63 mV during the plateau. An action potential recorded in 
another fibre is shown on a more compressed time scale in Fig. 12. The inter- 
rupted line gives the level of zero membrane potential, which, as shown, was 


_ Fig. 12. Action potential recorded from fibre in 160 mm-BaCl,. The rising phase, which occurred 
about 2 sec from the start of the sweep, failed to be photographed. The level of zero membrane 
potential, indicated by the broken line, was determined as shown toward the end of the sweep 
by the withdrawal of the recording electrode from the fibre. The stimulating pulse was about 

action potential. 


determined by the withdrawal of the recording electrode after the action 
potential had been recorded. In this case the observed resting potential was 
72 mV and the reversal of potential at the beginning of the plateau 76 mV. The 
potential fell at the very slow rate of 2-1 mV/sec for 4-4 sec during the plateau. 
_ As with the other types of action potential, steps in the terminal falling phase 
were commonly observed. Action potentials were recorded in thirty-two 
fibres of eight muscles, having an amplitude of 142+12 mV (mean and s.D.). 

In eighteen fibres in which both resting and action potentials were recorded, 
the former had a value of 74+12 mV and the reversal of membrane potential 
at the summit had a value of 66+9-5 mV. The maximum observed reversal 
was 77 mV, and this value wus approached to within 2 mV in five fibres 
(e.g. Fig. 12). Despite the large scatter of the measurements in Ba, it is evident 
_ that the mean resting potential was significantly lower and the mean reversal 
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at the summit significantly greater in a solution of 160 mm-Ba than in a solu- 
tion of 160 ma-Sr. The higher resistance of the fibre, with consequently greater 
likelihood of the membrane potential being reduced by local injury, wil! to 
some extent account for the lower resting potential recorded in Ba (but not 
for the greater overshoot). An abrupt reduction of the membrane potential 
was often observed, when the stimulating electrode was inserted, partly caused 
by current flowing in the stimulating circuit. In cases in which this would 
lead to a large error in the observed resting potential a resistance of up to 
100 MQ was placed in series with the stimulating electrode. Although the re- 
corded resting potentials may well have been too small by as much as 10 mV, 
the reversal of potential during the action potential would be subject to much 
less error, because of the low resistance of the active fibre. This resistance was 
determined for several fibres during the early part of the plateau and was 
found to be about 15 kQ, similar to that in Sr. A correction which should be 
applied to the reversal of potential is for the difference in the junction poten- 
tial at the recording micro-electrode when it was in contact with the internal 
_ medium of the fibre from when it was in contact with the solution of 160 mm- 
BaCl,. As in the case of SrCl, (p. 527), this may necessitate a reduction of 
about 10 mV in the value given for the overshoot. 

The minimum concentration of Ba at which propagated action potentials 
were observed was 1:5 mma. In this solution about half an hour soaking was — 
necessary before an action potential could be elicited, which effect may have 
depended on the gradual increase in membrane resistance,---A-considerably 
shorter time was sufficient when the concentration was twice as great. Action 
potentials with amplitudes up to 85 mV were obtained in a solution of 1-5 mm- 
Ba with NaCl or with sucrose. The summit of the action potential in these 
conditions coincided approximately with the level of zero membrane potential. 
The effect of Ba concentration was examined in groups of different fibres and 
in single fibres with the electrodes remaining inserted while the solution was 
changed. These experiments were of low accuracy, because of a scatter be- 
between different fibres, and, in the case of measurements on individual fibres, 
because of progressive injury produced by contraction. The results were 
nevertheless consistent with those obtained in Sr, as regards the increment in 
the peak of the action potential for each doubling of concentration. One of the 
more reliable findings was that in a group of ten fibres in which measurements 
were made in 80 mm-Ba, the reversal of potential at the summit had a maxi- 
mum value of 69 mV (approached to within 2 mv in three fibres), compared 
to a value of 77 mV in 160 mm-Ba. However, the mean values did not differ 
significantly in the two solutions. 

When a muscle was soaked in a solution of between 10 and 40 mu-Ba, 
there occurred a rhythmic spontaneous discharge of action potentials in many — 
fibres at a rate of the order of 0-1 sec with a slow decline in membrane potential 
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occurring during the intervals. Their occurrence was revealed in the whole 
muscle by asynchronous twitching. These spontaneous action potentials died 
out after about 15 min. They were not seen in 160 mm-Ba. Muscles were kept 
for over 20 hr at. room temperature in a solution of 160 mm-Ba(Cl,, at the end 
of which large, prolonged action potentials could still be evoked. The effect 
of Ba in allowing action potentials to be initiated was abolished by returning 
the muscle to a solution of Na, of Na with 16 mm-Ca, or of normal van Har- 
reveld solution, even after the longest periods of soaking. The washing out of 
the Ba, however, had to be done thoroughly, since action potentials could still 
be set up if only 1% of isotonic BaCl, remained. 

Action of manganese. In a solution of 160 mm-Mn(l, the resting potential 
was about 80 mV and the resistance of the fibre was over 1 MQ, as in a solution 
of Ba, There was, however, no sign of a regenerative response in this solution 
or in solutions of lower Mn concentration (NaCl or sucrose serving to make up 
the osmotic pressure). When the membrane potential was reduced to one 
half of its resting level by a prolonged outward current pulse, the potential 
change displayed a simple maximum, indicative of a delayed decrease in 
membrane resistance. It was furthermore found that Mn interfered strongly 
with the action of Sr and Ba in producing action potentials. When 53 mm-Mn 
was added to a solution of 53 mm-Sr and 160 mm-Na, replacing one half the 
Na, the action potential was abolished. The addition of 16 mm-Mn to a solution 
of 160 mm-Ba, reducing the Ba concentration by an equivalent amount, caused 
the duration of the action potential to be reduced to one fifth. When the 
concentration of Mn was raised to 40 mm, ony © a brief abortive action potential 
could be elicited. 


DISCUSSION 


The main concern of this discussion will be the ionic movements that occur 
during the production of an action potential in solutions of Sr and Ba. The 
possibility that some Na may remain in the bathing solution or in a small 
region enveloping the muscle fibre, and that Sr and Ba may act merely by 
facilitating its inward movement and so produce the regenerative response, 
can be dismissed. Muscles were washed repeatedly with isotonic SrCl, or 
BaCl, and soaked in such solutions over 20 hr and still gave large, prolonged 
action potentials.’ Moreover, in experiments with 20-80 mm-Sr (and some 
similar ones with Ba) the action potentials were the same whether the osmotic 
pressure was made up by the addition of NaCl or by sucrose. Another possi- 
bility which suggests itself is that some unidentified anion moves outward 
across the surface of the fibre to produce the action potential and that Sr and 
Ba act by combining with it and removing it from an outer region, once it has 
traversed the active membrane, Unfortunately it is difficult to see how such a 
suggestion might be tested with the techniques at present available. 
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A simple explanation, with which the observations reported in this paper 
are in fair agreement, is that Sr and Ba ions themselves enter the fibre during 
the action potential, consequent on a large increase in membrane permeability 
towards them. The role of these ions would be analogous to that played by 
Na in the production of the normal action potential in the squid axon and in 
various other excitable tissues. In what follows, this hypothesis will be de- 
veloped with reference to Sr, though the conclusions would apply equall 
well to Ba. | 


O-1a 10a 
[Sr]o 
Fig. 13. Postulated relations between active membrane potential # and external Sr concentra- 
tion [Sr],, according to egn. 1, with RT/F =25 mV and 2 P,,/P,[K],=«, constant. A logarith- 
mic scale is used for the abscissa. 


The hypothesis that an entry of Sr is responsible for the development of the 
action potential can be tested by examining the effect of varying the external 
Sr concentrations. It may be assumed that during the action potential there 
will be, besides the displacement current through the membrane capacity, 


components of current due to the passage of ions across the membrane, 


divisible into that carried-by Sr and that-carried by K (ignoring a possible com- 
ponent of current due to a movement of Cl, which could, at the cost of some 
further complication, be included without seriously altering the conclusions). 
A simple theory which may be readily applied to this situation is based on the 
postulate of a constant electric field and a uniform mobility for each ion 
within the membrane (Goldman, 1943; Hodgkin & Katz, 1949). Although 
such conditions are unlikely to be fulfilled exactly, it is worth pursuing the 
theory, as its practical value has to some degree been verified in its applica- 
tion to the movement of Na across the surface membrane of the squid axon 
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(Hodgkin & Huxley, 1952a). From studies on other material, including muscle 


fibres from marine crustaceans (Shaw, 1955), it appears that the concentra- 
_ tions of Ca within the fibres is very low; moreover, there is evidence in the 


case of the squid axon that most of the internal Ca is not present as the ion- 
ized cation, but is in a combined form (Hodgkin & Keynes, 1957). The con- 
centration of free, hydrated Ca ions in the interior of the muscle fibres used in 
the present investigations is likely to have been extremely small; and it is 
also highly probable that the concentration of ionized Sr will have been 
negligibly small, and more or less independent of the concentration in the 
external fluid, the small amount that does enter the fibre during periods of 
rest being converted into a combined form. In the experiments in which the 
effect of Sr concentration was examined there was no K present in the bathing 
solution, which allows some simplification to be obtained in the calculations, 
though the presence of a moderate concentration of K would have little effect 


_ on the conelusions. According to the constant field theory the movement of 


K will contribute a’component of current given by 


par 
XRT 1—exp(—EF/RT) 


(positive current in the outward direction) and the movement of Sr will 


contribute a component of current given by | 


EF? [Sr], exp (—2EF/RT) 


where P, and P,, are the membrane permeabilities for K and Sr, [K], is the 
internal concentration of K, [Sr], is the external concentration of Sr, E is the 
membrane potential (inside with respect to outside) and R, T and F are the 
gas constant, absolute temperature and Faraday’s constant, respectively. 


_ (The activity of Sr will probably be smaller than its concentration; however, 


since this will effect # only to the extent that the ratio of activity to concentra- 
tion varies in the membrane, about which nothing is known, it appears reason- 
able not to attempt to correct for this factor.) By the time the summit of the 
action potential was reached the net current across the membrane involved 
in propagation was small (see the differentiated record in Fig. 5). Also 
at the summit there would be no current through the membrane capacity, 


so that 


Fig. 13 gives the relation between [Sr], and Z, according to this equation with 
P.,/Pz [K], constant and RT/F =25 mV (corresponding to a temperature of 
20° C). The rate of variation of E with [Sr], amounts to an increment of 


between 17-3 mV (approached at large negative values of Z) and 8-6 mV 
34 PHYSIO. CXLII 
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(approached at large positive values of #) for an increase in [Sr], by a factor 
of 2. At E=0 this rate of variation is about 11 mV, and at #=50 mV it is 
about 9 mV. 

In general, the experimentally observed variation in the membrane poten- 
tial at the summit of the action potential is in reasonable agreement with this 
theoretical relation. There is, however, indication of a consistent deviation 
occurring in some measurements from individual fibres examined in several 
different Sr concentrations. This may be the result of a variation in the per- 
meability to K. with the Sr concentration, as is suggested by the change in the 
resting resistance. For the case of the action potential obtained in solutions 
of Ba, it may be noted that the action potential in 1-5 mm-Ba, the summit of 
which occurred at zero membrane potcntial, is consistent, according to the 
theoretical relation, with the occurrence of a reversal of 65 mV at a concen- 
tration 100 times greater, as is actually found for the action ee: in 


160 mm-Ba. 


If [K], is taken as 200 mm, the reversal of potential of 45 mV (in 160 mm- 
SrCl,) indicates that the ratio of permeabilities P,,: P, is 13. For a reversal 
of 66 mV, as found in BaCl,, the corresponding ratio is 50. Although it is con- 
ceivable that there may not be any increase in K permeability during the early 
part of the action potential (possibly during the early peak which is sometimes 
present), some increase must occur later to provide for the rapid fall of poten- 
tial at the end of the plateau and the decreased resistance occurring in the 
wake of the action potential. 

Further support for the concept that the ‘sachoeans permeability to Sr is 
high during the action potential is provided by the observation that the mem- 
brane conductance during the action potential increased with increasing Sr 

ncentration, in contrast to the conductance of the resting membrane, which 
decreased (p. 532). The fact that it is really a conductance that is measured at 
the summit of the action potential (the permeability toward different ions 
remaining constant when the membrane potential is displaced by an applied 
current) is indicated by the linearity between current and voltage over a wide 
range. The low-order variation of the active conductance with Sr concentra- 
tion (the conductance increasing by a factor of 1-5 for a fourfold increase in 
concentration) is in accord with observations on the component of membrane 
conductance due to Na in the squid axon, where an increase in the external Na 


concentration by a factor of 3-3 increased the conductance by a factor of 1-45 
(Hodgkin & Huxley, 1952a, Fig. 13a, the change occurring on transferring the 


nerve from a mixture of 30% sea water with choline chlorine to sea water), 
although in that case there was an appreciable internal concentration of the 
relevant ion, which would reduce the extent of the conductance change. 
Another way of accounting for the behaviour of the fibre during the action 
potential is on the assumption that during the rising phase an accumulation 
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of Sr occurs in a region just inside the active membrane, i.e. the membrane 
that undergoes an increase in permeability to Sr, and that during the plateau 
which follows there is an equilibrium between Sr on the two sides of the 
membrane. In other words, the high conductance of the active membrane is 
assumed to arise as a result of Sr being able (and available) to move in both 
directions across the membrane. The amount of Sr calculated to enter the 
fibre during the rising phase is of the order of 10-“ mole/cm?, which is probably 
too small to provide the high conductance of the membrane which is found 
to hold for quite large displacements and currents during the plateau. It is 
possible that the real situation may be given by a combination of these two 
possibilities, an inward movement of Sr during the plateau being balanced by 
an outward movement of K from the interior of the fibre plus an outward 
-movement of Sr which has not yet diffused away from the inner surface of the 
membrane. 
. The action of TEA and other substituted ammonium compounds may be 
_ Interpreted as affecting the mechanism of the active membrane, by which the 
| permeability to Oa (and to Sr and Ba) increases. Prior treatment with a sub- 
stituted ammonium compound may cause an action potential to appear in van 
Harreveld solution by allowing an increase in permeability to Ca, evoked by 
depolarization, to continue longer than under normal conditions. Thus, the 
relation found between the Ca concentration and the potential at the summit 
of the action potential in the TEA-treated fibre is similar to that for untreated 
_ muscles in Sr. The oscillatory response, which is ordinarily the only sign of a 
regenerative potential change in normal muscle, may arise from an inward 
movement of Ca, although the only entirely reproducible change that has been 
seen in this response is its abolition in Ca-deprived citrate solutions. It is 
tempting to suppose that the small, brief action potentials that have been ob- 
served on rare occasions in fresh muscles in van Harreveld solution arise in the 
same way, but, because of their irregular occurrence, the effect of alterations 
in the ionic environment of this type of response has not been determined ; 
and it is possible that they, unlike the other types of response that have been 
studied in crayfish muscle, may depend on a movement of Na. 


SUMMARY 

1. The electrical properties of muscle fibres in limb muscles of the crayfish 
have been studied by means of intracellular electrodes. 

2. The normal response to an outward pulse of current was a local potential 
change which included an early oscillatory component. The peaks of the oscil- 
lation were of a regenerative nature. In addition, there was a delayed de- 
crease of membrane resistance, which reduced the displacement of potential 
from its initial value. A delayed decrease of membrane resistance also occurred 
when the membrane potential was raised by an inward current. cy 
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3. Following prolonged soaking ina solution containing tetraethylammonium 
ions, action potentials could be elicited in some fibres after the removal of this 
substance. The action potential occurring in these circumstances depended 
on the presence of Ca and was independent of Na and Mg. 

4. Propagated action potentials could be elicited in fibres without previous 
treatment with quaternary ammonium ions, when the bathing solution con- 


tained more than 5 mm-Sr. They were still obtained after 20 hr soaking in — 


pure isotonic SrCl,. The action potential in 160 mm-SrCl, had an amplitude of 
135 mV and the resting potential was 90 mV, giving a reversal of membrane 


potential at the summit of the action potential of 45 mV. The duration of the — 


action potential was 15-100 msec. During the action potential the membrane 
resistance fell to less than 1/100 of its resting value. The potential at the sum- 


mit of the action potential changed by between 6 and 13 mV for each doubling | 


of Sr concentration. The membrane resistance during the action potential 
decreased with increase of Sr concentration, while the resting resistance in- 
creased. The presence of Na or Mg, in addition to Sr, did not affect the action 
potential. The addition of moderate amounts of K reduced the resting mem- 
brane potential, while the summit of the action potential remained at a nearly 
constant level. The addition of Ca shortened the action potential and slightly 
reduced its amplitude. 

5. Large action potentials lasting up to several seconds were elicited in a 
solution of 160 mm-BaCl,. In this solution the resting potential had a value of 
75 mV, with a reversal of potential at the summit of the action potential 
amounting to 65 mV ; the maximum reversal recorded in some fibres was 77 mV. 
In the resting state the membrane resistance was many times greater than in 
the normal bathing solution. The addition of 1-5 mm-Ba to a solution of nor- 
mal composition had an appreciable effect in raising the resting membrane 
resistance, and action potentials could be elicited from fibres in this solution. 

6. It is suggested that the action potential occurring in solutions of Sr or 
_ Ba resulted from the muscle fibre membrane becoming highly permeable to 
these ions. The effect of variation in the concentration of Sr in the bathing 
solution is shown to be consistent with this explanation. The irreversible 
action of tetraethylammonium and other substituted ammonium compounds 
is attributed to their having an action on the mechanism of permeability change, 
whereby the ability to Ca to cross the membrane is proloriged. 


We are indebted to Messrs Parke, Davis OF SE, Sena for a gift of the TEA used in 
these experiments. : 
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CORTICAL PROJECTION OF IMPULSES IN MYELINATED 
CUTANEOUS AFFERENT NERVE FIBRES OF THE CAT 


By R. F. MARK anp J, STEINER 


From the Department of Physiology, Medical School, 
University of Otago, Dunedin, New Zealand 


(Received 22 March 1958) 


A wealth of information is available about the topographical organization of 
the great afferent pathways leading to the cerebral cortex, but relatively few 
investigations appear to have been made into the related problems of afferent 
fibre size and the properties of the various synaptic relays in these systems. 
A method which has been used extensively in the study of spinal reflex systems 
is the measurement of reflex output at various levels of input. The mput- 
output curves derived from these experiments have yielded much informa- 
tion about the properties of the synaptic relays and the kinds of afferent 
fibres involved (Lloyd, 1943a; Lloyd & McIntyre, 1950; Rall, 1955; Hunt, 
1955). | 

Though greater difficulties are posed by the complexity and lability of 
cortical responses, it has proved possible in the present investigation to study 
by means of input-output technique the projection of cutaneous afferent fibres 
to the sensory receiving areas of the cerebral cortex. It will be shown that 
cutaneous afferent fibres throughout the range of myelinated diameter relay 
their activity to the different cortical receiving zones, and that the synaptic 
junctions on the pathway are characterized by high efficiency of transmission. 
Differences between cortical output and segmental reflex output to cutaneous 
nerve stimulation will also be described. A brief account of some of the findings 
embodied in this communication has already appeared (Mark & Steiner, 1956). 


METHODS 


Adult cats were used, anaesthetized with pentobarbitone (Nembutal, Abbott Laboratories Ltd.) 
in initial dosage of 40 mg/kg given intraperitoneally. The cerebral cortex was exposed by 
craniotomy extensive enough to allow access to the somatosensory receiving areas on both sides. 
Cortical potentials were recorded by way of an exploring wick lead in contact with the pial surface 
and an indifferent*platinum electrode on adjacent muscle. After suitable amplification, they were 
displayed on one beam of a dual-channel oscilloscope. When everything was ready for recording, 
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anaesthetic level was gradually deepened by intravenous injection of 1% (w/v) pentobarbitone 
solution until spontaneous cortical activity became negligible. Further intravenous pentobarbi- 
tone was given later as required. 

For providing the measured afferent input volley, cutaneous nerves of the forelimb or hind limb 
were used, usually the superficial radial, sural, or peroneal cutaneous. The nerves were dissected, 
cut distally and placed on two pairs of platinum electrodes. Thyrat trolled condenser 
discharges which could be finely graded in intensity were led to the nerve through the distal pair 
of electrodes; the nerve volleys thus set up were monitored by the proximal pair and displayed 
on the second beam of the oscilloscope. 

When necessary, laminectomy was performed to provide access to the spinal cord. All exposed 
nervous tissues were kept covered with paraffin oil pools retained by skin flaps. Body temperature 
was maintained between 36 and 38° C by heating the experimental room. 

Measurement of cortical response (‘output’). Under deep barbiturate anaesthesia intrinsic cortical 
activity is greatly reduced, leaving a relatively flat base line on which evoked potentials are clearly 
written. In such preparations stimulation of a cutaneous nerve evokes localized electrical 
responses in two regions of the cortex of each cerebral hemisphere, the somato-sensory receiving 
areas I and IT (Woolsey, 1947). The response is a diphasic wave of sharp surface-positivity, 
followed by a longer and more variable negative phase, the whole lasting some 50 msec. The 
response is large from areas I and II of the contralateral cortex and from area II ipsilaterally; 
from area I of the same side the response is similar, but being very much smaller is unsuitable for 
an analysis of this kind. The attempt to find a satisfactory measure of the amount of activity 
delivered to the cerebral cortex by specific projection pathways is hindered by the complex origin 
of the evoked potentials (Adrian, 1941; Marshall, Woolsey & Bard, 1941; Chang & Kaada, 1950; 
Eccles, 1951; Amassian, 1953; Perl & Whitlock, 1955). However, amplitude of the positive wave 
is likely to bear a fairly direct relationship to the amount of relayed impulse traffic reaching the 
cortex from the thalamus, that is, to the ‘ output’ of the afferent projection system, The subsequent 
negative wave, on the other hand, probably largely reflects synaptically-relayed activity within 
the cortex, and as such it is less likely to provide a satisfactory index of output. In this study, 
therefore, the negative wave has been reduced to a minimum by deep anaesthesia, and only the 
positive component of the evoked potential used as a measure of output. Despite the depth of 
anaesthesia, appreciable variation remained in the amplitude of individual successive evoked 
cortical responses. In order to minimize the effect of this random fluctuation, some twelve to 
fifteen records of cortical responses were made at each level of input, and the individual response 
amplitudes averaged. In plotting the results, each averaged value for cortical response has been 
expressed as a percentage of the average response evoked by maximal nerve stimulation. Thus 
individual input—output curves can be readily compared, despite differences in absolute size of 
the maximum cortical responses obtained under different conditions. 

Measurement of afferent volley (‘input’). With the electrode arrangement used, the cutaneous 
afferent volley was necessarily recorded diphasically. Despite theoretical objections, monitoring 
the volley in this way proved adequate for our purpose, the error introduced (as shown by direct 
tests using monophasic recording) being small in comparison with the effects of random fluctuations 
of the cortical responses. The input volley was measured from the base line to the first peak of the 
diphasic action potential; conduction distance between stimulating and recording electrodes was 
such that the Group IIT (A delta) fibre response, when present, fell clear of this deflexion (Gasser, 
1941; Lloyd, 19435). Thus the measured input volley, expressed for each level of stimulation as 
a percentage of maximum, represents activity of the Group II (alpha and beta) members of the 
cutaneous myelinated fibre spectrum. Amplitude of the later Group III fibre deflexion was not 
easily measured. However, its presence was readily recognized, making it possible to set up at will 

maximum Group II afferent volleys with or without an obvious Group III component. 
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RESULTS 

Relationship between cortical response and afferent volley size 
Fig. 1 presents the results of an experiment in which cortical response ampli- 
tude is plotted against size of afferent volley in the superficial radial nerve. 


Cortical response amplitude (°/, max.) 


0 20 40 60 80 _ 100 
Afferent volley (°/, Group Il max.) 
Fig. 1. Amplitude of cortical positive wave as percentage of maximum (ordinate) plotted against 


size of volley in superficial radial nerve as percentage of maximum Group II deflexion © 


(abscissa). Effects of increasing stimulus strength to include Group III fibres shown to right of 
vertical line at 100% on input scale. Cortical responses recorded from three cortical receiving 
zones as follows: @, contralateral Area I; ©, contralateral Area II; x, ipsilateral Area II. 


To the right of the vertical line (100% on the input scale) are plotted points | 


showing amplitude of cortical responses to stimuli strong enough to engage the 
Group III fibres. It is apparent from the very steep rise of the curve from 
zero input that substantial cortical deflexions appear in response to the smallest 
detectable volleys in the superficial radial nerve. Throughout the whole series 
of experiments, cortical response invariably rose sharply from zero, though the 
degree of steepness varied from experiment to experiment. The curves of Fig. 2 
illustrate the extent of this variation; however, the less abrupt type of curve 
(open circles) was not often encountered. Two conclusions can be drawn from 
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_ this steepness of rise: first, that the cutaneous afferent fibres of lowest electrical 
threshold, presumably the largest, relay their activity to the cerebral cortex; 
and secondly, that the synaptic interruptions on the projection pathways must 
have minimal requirements for summation (spatial or temporal) to permit such 
relay of activity restricted to a very small number of primary afferent fibres. 


Cortical response amplitude (% max.) 


0 20 40 60 80 100 
Afferent volley (% Group: i! max.) 
Fig. 2. Amplitude of cortical response in contralateral Area II plotted against size of volley in 
peroneal cutaneous nerve. Ordinate and abscissa as for Fig. 1. Two different preparations. 


The extremely powerful nature of these afferent synapses is also suggested by 
their resistance to depression by anaesthetic agents, in contrast to other 
central synapses such as many of those found in spinal segmental reflex 
systems, 
It will be noticed in addition that the points in Fig. 1 represent measure- 
ments of cortical output recorded from three different areas; contralateral 
Area I (filled circles), contralateral Area II (open circles) and ipsilateral Area I 
_ (crosses), Nevertheless, the same curve describes adequately the sets of points 
from these three different cortical regions. This indicates that there is no 
significant difference in the range of afferent fibre sizes represented in these 
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separate receiving zones, and that similar subcortical synaptic mechanisms 
are concerned with each zonal projection. 

Another striking feature of the input-output curves is the tendency for 
cortical response to reach a ceiling with input volleys only 40-50% of maxi- 
mum. In consequence, the majority of curves show a plateau between 50 and 
100% on the input scale. However, in some preparations no actual plateau 
appeared, as in the curve plotted by open circles in Fig. 2. Even in this case, 
however, cortical response amplitude attains about 80%, of its maximum value 
_ when input is but half maximal. With either type of preparation, no further 
increment in cortical response could be detected when stimulus strength was 
increased to the point of engaging the Group III fibres. Possible interpretations 
of this tendency to form a plateau include the following: absence of functional 
pathways to the cortex for the smaller myelinated primary afferent fibres; 
failure of small-fibre action to augment the cortical positive wave through late 
arrival, or because of some peculiarity of the complex responding mechanisms ; 
occlusion, or inhibition, of small-fibre response as a result of larze-fibre action. 

The most direct way of testing the first of these suggestions is to see whether 
activation of small primary afferent fibres in isolation leads to a cortical 
response. This cannot be achieved by simple electrical stimulation of a bared 
nerve, the strong shocks required necessarily firing all fibres of larger diameter 
as well. However, it is possible to achieve differential blockade of the larger 
_ fibres, thus permitting entry into the central nervous system of impulse volleys 
restricted to those of small diameter. Fig. 3 presents results of such an 
experiment, in which blockade of the larger fibres of the peroneal cutaneous 
nerve was achieved through gradual application of pressure by means of a 
_ rubber-padded, screw-controlled forceps. The records at the top illustrate the 
results of weak stimulation of the unblocked nerve, eliciting a volley 3% of 
Group IT maximum (Record A). Record B shows the cortical potential evoked 
by this volley in contralateral Area II. Pressure was now applied to the nerve 
between the stimulating and recording electrodes until with maximal stimu- 
lation only a small, slowly-conducting volley (Record () swept past the 
recording electrodes. However, this volley (largely in Group III fibres) was 
nevertheless able to evoke the cortical potential shown in D. Impulses in the 
smallest myelinated afferent fibres must, therefore, have ready access-to the 
_ cortical mechanisms yielding evoked potentials even though their action is not 
detectable under the conditions of the majority of our experiments with 
unblocked nerves, and with amplitude of cortical positive wave as the measure 
of output. Cortical response to impulses in Group III fibres of muscle nerves 
has previously been shown by Mountecastle, Covian & Harrison (1952). 

It will be noticed that the latency of the small-fibre cortical response (Fig. 3, 
D) is approximately twice the value for a volley in large fibres alone (Fig. 3, B), 
a delay largely accounted for by slower peripheral conduction velocity. This 
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suggests that the failure to detect any increase in the cortical positive wave 
with Group III recruitment might simply be a consequence of this delay, since 
summation of the small- and large-fibre responses in Fig. 3 would increase 
duration and area, but not amplitude of the evoked potential. Summation of 
evoked positivity would, however, be expected for a large part of the ‘ineffec- 
tive’ Group I input in those experiments with an early plateau in the input- 
output curves (for example, Figs. 1 and 4), the lag due to conduction-velocity 
difference being much less than for Group III fibres, especially in experiments 
using forelimb nerves, because of shorter conduction distance. Nevertheless, 


Fig. 3. Action potentials in peroneal cutaneous nerve (A and () and cortical potentials evoked 
thereby in contralateral Area II (B and D). A, weak stimulation of unblocked nerve, 
giving volley 3% of Group II maximum (spike retouched). B, resultant cortical response. 
C, Group III strength stimulation after partial pressure block between stimulating and 
recording electrodes. D, cortical response elicited by C. Time marks: A and C, | msec; 
B and D, 10 msec. | 


it.is proper to examine the possibility that recruitment of the smaller Group II 
as well as the Group ITI fibres might increase the duration of cortical positivity 
_ without adding to its amplitude. Examination of the records shows, however, 
that duration of positivity, so far from increasing, actually diminishes as the 
afferent volley becomes progressively larger, an observation illustrated graphic- 
ally in Fig. 4. Open circles plot duration, and filled circles amplitude of the 
positive cortical wave. It is apparent that duration becomes steadily less as 
the afferent volley grows, even after the amplitude curve flattens out. Thus by 
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taking the time parameter into account, direct evidence is obtained of some 
cortical action attributable to recruitment of the smaller myelinated fibres to 
the input volley. 

The fact that this is manifest not as an increase in amplitude of the positive 
wave, but as its curtailment in time suggests that some peculiarity of the 
complex cortical responding mechanisms may be involved. Even under deep 
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Afferent volley (% Group Il max.) 


Fig. 4. @, amplitude of positive wave in contralateral Area I plotted against size of afferent volley 
in superficial radial nerve. ©, duration of positive wave as ordinate against volley size as 
abscissa. Ordinate scale on right, duration of cortical positive wave (msec); ordinate scale 
on left and abscissa as for Fig. 1. 


anaesthesia, with little or no overt negative phase following the primary 
positive deflexion, a residuum of the cortical processes underlying the nega- 
tivity probably continues to operate—indeed, a small amount of frank nega- 
tivity is discernible in most of our records. Any such process beginning at or — 
immediately after the peak of the positive wave would be expected to hasten 
its return to the base line, thereby curtailing its duration. It thus appears that _ 
impulses in smaller fibres, impinging on central mechanisms already primed by 
large-fibre action, can evoke or intensify a cortical process of surface-negative 
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sign without generating initial surface-positivity, in contrast to their effect 


_ when acting in isolation (Fig. 3, D). In other words, the positive-going cortical 
_ process elicited by a small-fibre — alone is occluded when preceded by 
large-fibre action. 


Cortwal responses after restriction of pathways 
Spinal pathways. A number of experiments were made in which the 


ascending pathways available to afferent volleys of the hind limb were restricted 


by lesions of the spinal cord in the mid-thoracic region. The spinal pathways 
mediating evoked cortical potentials under the conditions of our experiments 


were found to lie in the dorsal and lateral columns of the side stimulated, 
confirming the findings of Gaze & Gordon (1955) and Morin (1955). No cortical 


responses could be detected after interruption of both these pathways, indi- 


cating that under the experimental conditions employed the classical spino- 
_ thalamic route plays no significant part in relaying impulses to the cortex from 


myelinated cutaneous afferent fibres. 
Effects of lesions on amplitude and latency. Amplitude of cortical response 


was reduced in each experiment in which one or other of the two principal 


pathways was interrupted, by an amount ranging from 20 to 40% of the 
control value determined before making the lesion. By contrast, an incision 
severing the opposite (with respect to the nerve stimulated) lateral and ventral 
columns, but sparing the remainder of the cord, did not lead to any reduction 
of response amplitude, which either remained unchanged, or else (surprisingly) 
increased, in one instance by as much as 40% above the control value. No 
satisfactory explanation can be offered for this phenomenon, which in view of 
the deep anaesthesia can scarcely be attributed to interruption of the tonic 
inhibitory influence on afferent synapses postulated by Hagbarth & Kerr 
(1954). | 
Despite the reduction in amplitude, latency of evoked potential was not 


: - changed by severing the dorsal column; however, restriction of the pathway 
_ to the dorsal column by interrupting the lateral column route increased the 


latency by about 2 msec in addition to reducing the size of the response. It 


_ may be concluded that the fastest route by which hind-limb cutaneous nerve 


impulses can reach the cerebral cortex is by way of the ipsilateral lateral 


- column. This observation by itself might suggest that the very largest 


cutaneous afferent fibres do not ascend the dorsal column, but are relayed 


exclusively by way of the lateral column pathway. However, the form of 


input-output curves derived from preparations with pathways restricted does 
not support this suggestion. It appears, therefore, that the shorter latency of 
cortical responses mediated by the lateral column pathway must reflect 
rapidity of action beyond the first synaptic relay rather than faster peripheral 


conduction velocity of the primary afferent fibres concerned. 
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Input-output relationship after cord lesions. Fig. 5 presents an input-output 
curve relating size of volley in the peroneal cutaneous nerve to amplitude of 
cortical response in contralateral Area I, the observations being made after 
a lesion sparing only the lateral and ventral columns-on the side of nerve 
stimulation. The curve shows the usual steep onset and reaches a plateau with ; 
the input volley but 40% of maximum for Group II fibres. Similar results 


ses 
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Fig. 5. Input-output curve for cortical positive wave (contralateral Area I) evoked by stimulation 
of left peroneal cutaneous nerve. Cord lesions in mid-thoracic region had interrupted both 
dorsal columns and lateral and ventral columns on right side. Ordinate and abscissa as for 
Fig. 1. 


were obtained with preparations in which the dorsal column provided the sole 
intact ascending pathway; the form of input-output curve is unchanged 
whichever of the two pathways is put out of action. This suggests that, in so 
far as cutaneous afferent fibres are concerned, no appreciable segregation of | 
pathway determined by difference in fibre size takes place at spinal level, in 
contrast with the conclusion of Bohm (1953) that cortical responses to low- 


threshold cutaneous afferent impulses are mediated solely by the dorsal | 
column system. 
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It is of interest that occlusion of cortical response to impulses in higher- 
threshold fibres takes place even after a cord lesion has substantially reduced 
the absolute size of the response to maximal volleys. In the preparation 
yielding the curve of Fig. 5, the amplitude of maximal cortical response was 
reduced to about 70% of its control value determined beforehand with the 
cord intact, yet a typical plateau is present. This suggests that in intact prepa- 
rations cortical response amplitude does not reach a ceiling simply through 
saturation of the mechanisms responsible for generating the positive wave, for 
in the preparation of Fig. 5 the cortical elements concerned with reception of 
peroneal-cutaneous impulses were initially capable of generating a maximal 
positive wave some 30 %, larger than it was after restriction of spinal pathways. 
_ Although open to other interpretations, the observation raises the question of 
whether events at subcortical rather than cortical level determine the occlusion 
of cortical response to impulses in higher-threshold fibres. Extensive con- 
vergence of cutaneous primary afferent fibres of widely differing threshold 
_ upon common second-order neurones has been demonstrated at spinal synaptic 
relays, at least some of which undoubtedly lie on the main projection routes to 
the cerebral cortex (Amassian, 1953; McIntyre, Mark & Steiner, 1956). Such 
subcortical convergence may well play a part in the observed occlusion of 
smaller-fibre cortical response. However, the special properties of afferent 
synaptic relays and the complex origin of the cortical responses measured must 
_ also be taken into account. These factors will be considered in the discussion. 


Segmental reflex versus cortical response 
_ Input-output relationships. It is well known that impulse volleys in cuta- 
neous nerves evoke, amongst other things, a reflex discharge directed prin- 
cipally to muscles of physiological flexion in the same limb (Sherrington, 1910; 
Lloyd, 19436). It therefore appeared worth while to compare the growth of 
cortical response with the development of flexor reflex action as the size of 
a cutaneous afferent volley is increased. The flexor reflex output was recorded 
either by a strain-gauge myograph attached to a hind-limb flexor muscle, or 
by monophasic recording of motoneurone discharge from a lumbosacral ventral 
root. Flexor reflex activity is heavily depressed by barbiturate anaesthesia, 
and at levels found necessary for satisfactory cortical recording it was com- 
pletely abolished. Accordingly, experiments on the flexor reflex were carried. 
out on acutely decapitate preparations. Thus it was not possible to compare 
segmental with cortical output in the same animal; nevertheless, the common 
input scale permits comparison of the results. 
Fig. 6 illustrates an experiment in which reflex discharge in the seventh 
_ lumbar ventral root is plotted against size of the provoking afferent volley in 
the peroneal cutaneous nerve. The magnitude of the asynchronous poly- 
_ synaptic flexor reflex discharge was assessed by planimetric measurement of 
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the area beneath individual monophasic records, each point on the curves 
representing the average of six to eight responses. The abscissa represents 
amplitude of afferent input, just as in the cortical response curves; reflex 
output is expressed as percentage of the discharge area elicited by a maximum 
Group II volley. The effect of recruiting Group III fibres to the input volley 
is indicated to the right of the vertical line corresponding to 100% on the 
abscissa. 
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Fig. 6. Magnitude of polysynaptic flexor reflex discharge in L7 ventral root elicited by graded _ 
afferent volleys in peroneal cutaneous nerve. Ordinate, area (potential-time integral) of 
discharge as percentage of response yielded by a maximum Group II volley; abscissa, size of 
afferent volley as in other figures. Effect of Group III fibre addition shown by point to right 
of 100% on input scale. Interrupted curve: tracing of input-output curve of cortical response 
shown in Fig. 1. | 


There is a striking difference between this curve and the curves for evoked 
cortical positivity. No reflex response appears until the afferent volley exceeds 
some 5%, of maximum, whereas in the experiment of Fig. 1 (broken line in 
Fig. 6) cortical response at this input level has already attained about 60% of 
its maximum amplitude. This observation could mean either that the very 


¥ 
A 
he 
4 
My 
ae 
y 
A 
eg 
rs 
4 
t 
a 
. 
ver 


CENTRAL ACTIONS OF CUTANEOUS IMPULSES 55 


largest cutaneous fibres do not participate in the segmental flexor reflex 
mechanism, or that their synaptic articulations within this mechanism are too 
feeble to secure motoneurone discharge. If the second interpretation is correct, 
it might be expected that the postulated subthreshold action would be un- 
masked by the action of strychnine, an agent which dramatically facilitates 
flexor reflex pathways (Kaada, 1950). However, after subconvulsive doses — 
(0-08 mg/kg) of this drug had been given, the smallest input volleys (less than 
2% of maximum) still failed to evoke reflex discharge. Further evidence was 
provided by the fact that no facilitation of a test monosynaptic reflex discharge 
from a flexor motoneurone pool was brought about by cutaneous afferent 
volleys less than about 2% of maximum. Thus it appears that cutaneous 
nerves contain a group of fibres including those of lowest threshold, presumably 
the very largest, which readily activate pathways to the cerebral cortex, yet 
fail to influence the segmental flexor reflex system. 

Once reflex threshold is exceeded, the amount of discharge grows in nearly 
linear fashion as the afferent volley increases in amplitude, an observation also 
made by Bernhard & Widén (1953) and by Lloyd (1957). This contrast with 
_ the cortical afferent mechanisms is further emphasized by the effects of 
recruiting Group III fibres to the afferent volley, a manoeuvre which adds 
substantially to the flexor reflex discharge, though failing to augment cortical 
response. Similar results were obtained when isometric tension of a flexor — 
muscle was the measure of output in place of ventral root discharge. Such an 
input-output relationship indicates that occlusive processes are much less 
prominent or are more effectively masked by facilitation in the flexor reflex 
than in the afferent projection systems. 

Post-tetanic potentiation. Another method of comparing the properties of 
different neural pathways interrupted by synaptic junctions is to examine the 
effects of rapid repetitive presynaptic action upon the ability of a single 
maximal presynaptic test volley to secure post-synaptic discharge. Where an 
appreciable subliminal fringe is available, as in the monosynaptic stretch reflex 
arc, such tetanic conditioning leads to considerable enhancement in the 
number of post-synaptic neurones which discharge to a test presynaptic volley, 
and this post-tetanic potentiation may last for several minutes (Lloyd, 1949). 
Fig. 7 shows the action of a conditioning tetanus applied to the sural nerve 
upon the flexor reflex (filled circles) and evoked cortical response in contra- 
lateral Area I (open circles) elicited by single maximal sural nerve volleys. 
Tension in m, semitendinosus in an acutely decapitate preparation provided 
the measure of reflex output; the cortical responses were obtained from another 
preparation under deep pentobarbitone anaesthesia. The flexor reflex is clearly 
potentiated by the tetanus, whereas no significant change can be detected in 
the cortical response. Potentiation of the flexor reflex is much less powerful 


than in the iron reflex monosynaptic path (Downman, Eccles & McIntyre, 
PHYSIO. OXLII 
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1953; Wilson, 1955), and it is quite possible that some of the observed increase 
is the result of reverberatory internuncial activity. However, it is likely that 
enhanced transmitting power of presynaptic elements in the reflex path plays 
a significant part in the potentiation. On the other hand, the absence of appre- 
ciable potentiation of the cortical response can be regarded as further evidence 
supporting the conclusion that the afferent synapses concerned, at least those 
constituting the first relay, are exceedingly powerful, with no detectable sub- 
liminal fringe under the conditions of these experiments. | 


4175 


Response amplitude (% pretetanic average) 


0 15 30 45 60 75 90 
Seconds after tetanus 


Fig. 7. @, flexor reflex tension developed by m. semitendinosus in response to single sural nerve 
volleys (maximal for Group II) in an acutely decapitate animal; ©, amplitude of cortical 
positive wave recorded from contralateral Area I as a result of similar sural nerve volleys in 
another preparation under pentobarbitone narcosis. Control responses shown to left of 

_ vertical line. Ordinate: size of response as per-centage of average pre-tetanic control value. 
Abscissa: time (sec) after cessation of a 10 sec conditioning tetanus to the sural nerve in each 
case, at a frequency of 300/sec for the flexor reflex observations, and 245/sec in the evoked 
potential experiment. : 


DISCUSSION 


Size of afferent fibres 
The sharply rising initial phase of the input-output curves for cortical response 
shows that the fibres of lowest electrical threshold, that is, the very largest in 
cutaneous nerves, are undoubtedly involved in signalling information to the 
highest levels. The further course of the input-output curves suggests at first 
sight that the smallest (Group ITI or delta) fibres, and in many instances the 
higher threshold members of the Group II band, are excluded from this role. 
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However, closer examination reveals, as described above, that occlusive pro- 
cesses are at work and that impulses in fibres throughout the myelinated size 
range have access to the cortical receiving areas. What this means in terms of 
receptor type and ‘modality’ of sensation must remain speculative until more 
is known about the relationship between receptor function and fibre size and 
the significance to sensory ‘modality’ of spatial and temporal firing patterns 
in primary afferent fibres. Nevertheless, it is reasonable to suppose that a 
substantial fraction of the effective input in our experiments involves fibres 
serving tactile receptors, in view of the ease with which light touch evokes 
cortical potentials. The earlier work on cortical potentials elicited by natural 
stimulation could not, of course, provide evidence as to the size of the primary 
afferent fibres concerned, since light touch evokes impulses in fibres of widely 
differing diameter (Zotterman, 1939). 

It is of considerable interest that there appears to be a group of the largest 
cutaneous afferent fibres, stimulation of which readily elicits cortical responses 
without setting into action the segmental flexor reflex mechanisms. Our experi- 
ments indicating this slight threshold difference between the largest fibres 
concerned in eliciting these two central actions cannot, of course, define the 
extent to which fibres without flexor reflex action are represented amongst 
fibres of higher threshold. It was shown long ago by Sherrington (1897) that 
many hind-limb primary afferent fibres with central processes reaching up to 
the dorsal column nuclei can also activate the flexor reflex by way of collaterals 
given off near the segment of entry. Thus many fibres included in volleys 
greater than 2% on our input scale presumably provide common channels for 
cortical and flexor reflex activation. The effective stimulus for epee with 
this dual central action remains to be elucidated. 


Properties of afferent synaptic junctions 

It has already been pointed out that the extremely steep rise from zero of 
the input-output curve shows that the synaptic linkages in the pathways to 
the cerebral cortex must be of an exceptionally powerful nature, as is also 
indicated by their resistance to depression by anaesthetic agents. This is in 
agreement with Therman’s conclusion (1941) that the cuneate nucleus is a 
very powerful relay. Since the cortical responses represent the result of action 
relayed by third-order (thalamo-cortical) neurones, our findings also indicate 
_ the presence of powerful articulations at the thalamic level. Furthermore, the 
spinal synaptic junctions feeding second-order neurones of the rapid lateral 
column pathway must also have properties like those of the gracile and 
cuneate relays, because input-output curves show the same steep rise after — 
_ interruption of the dorsal column route (Fig. 5). It is possible that the 
‘N 1’ cord deflexion of Bernhard & Widén (1953), evoked by stimulation of low 


threshold cutaneous afferent fibres, is an electrical sign of synaptic activation 
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of the second-order neurones constituting the lateral column projection system. 
Certainly, Bernhard & Widén’s curve relating size of ‘N1’ deflexion to — 
amplitude of cutaneous afferent volley resembles our input-output curves for 
cortical response. The slope of all these curves is so steep for afferent volleys 
up to about 20% of maximum that it strongly suggests the existence of some 
kind of amplifying action, rather than the ‘one-to-one’ relationship proposed 
by Therman (1941). Possibly the repetitive firing phenomenon at afferent 
synapses represents one such amplifying mechanism (McIntyre et al. 1956). 

Further evidence for the powerful nature of the afferent relays is provided 
by our failure to detect post-tetanic potentiation of cortical response, indicating 
a subliminal fringe of negligible dimensions, at least at the first synaptic 
interruption. However, maximal test volleys were used in our experiments, 
which do not therefore exclude the presence of a subliminal fringe with small 
afferent volleys. Nevertheless, the input-output curves indicate that there 
will always be a firing zone even with the smallest afferent volley, a synaptic 
peculiarity well suited for the purpose of relaying information even when the 
stimulus engages but very few afferent fibres, and of preserving ‘local sign’ so 
that topographical representation of the body surface in the cortex can be 
achieved. These characteristics of the synaptic relays in cortical projection 
paths stand in contrast with those of the segmental myotatic and flexor reflex 
linkages. Post-synaptic discharge in the latter increases much less steeply with 
growth of afferent volley, and a sizeable subliminal fringe is present even with 
maximal afferent volleys, as revealed my the appearance of some post-tetanic 
potentiation. 


Projection of the siti myelinated afferent fibres 

In contrast with their pronounced augmenting action on flexor reflexes, — 
impulse volleys in the smaller myelinated afferent fibres (especially those in the 
Group III band) add little or nothing to the cortical positive response set up 
by action in the larger fibres of the nerve. However, the existence of pathways 
to the cortex for impulses in the smaller fibres cannot be doubted in view of 
the demonstration that volleys restricted to such fibres are able to evoke 
- prominent cortical positive responses (Fig. 3). Their failure to do so when 
superimposed upon large-fibre action in the same nerve has been termed 
‘occlusion’, the word being used in a simple descriptive sense without impli- 
cation of mechanism. In seeking an explanation for the phenomenon, it is 
necessary to consider two aspects of the central mechanisms concerned in the — 
genesis of evoked cortical potentials: the phenomenon of convergence and 
repetitive firmg at subcortical synaptic relays, and the complexity of the 
intracortical processes underlying the recorded electrical changes. 

Glees & Soler (1951) have provided histological evidence of some convergence 
at afferent synapses, and micro-electrode studies have shown functional con: 
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vergence in that many individual second-order neurones respond to single 
primary afferent volleys of progressively greater size by firing repetitive 
impulse trains of increasing length (McIntyre, 1957). Thus, whatever other 
channels may also be open to them, the smaller primary afferent fibres can 
exert action at higher levels by way of tract units common to fibres of larger 
diameter. Such behaviour permits individual second-order units to transmit 
patterns of discharge which provide information concerning the number o 
fibres recruited to the afferent volley ; in other words, a spatial primary afferent 


_ pattern can be transformed into a post-synaptic temporal pattern. Thus 


synaptic convergence of impulses in smaller fibres need not lead to occlusion in 
the manner expected from classical spinal reflex studies (Sherrington, 1929), but 


_ tather to temporal extension of action in post-synaptic neurones already fired 
by the earlier arrival of large-fibre impulses. 


Since, despite convergence, occlusion in the ordinary sense does not appear 
to occur at the first synaptic relay, the possibility must be considered that 
events at the second synaptic relay on the pathway determine the failure of . 
small-fibre recruitment to augment the cortical positive wave. Further“con- 
vergence is to be expected at the thalamic synapses (Amassian, 1952), and it 
is possible that these junctions, though powerful, are incapable of transmitting 
the longer repetitive trains characteristic of volleys engaging the whole range 
of myelinated afferent fibres in a nerve. There is also the possibility that the 
arrival of relayed large-fibre action at the thalamus or cortex might set in train 
inhibitory mechanisms capable of suppressing or reducing the transmission of 
impulses arriving later as a result of small-fibre action. However, some such 
transmission must occur, because of the finding that the duration of cortical 
positivity is curtailed by recruiting smaller fibres to a volley in an unblocked 
nerve (Fig. 4). It seems likely that the complex nature of the cortical events 
generating evoked potentials is at least in part responsible for this apparent 
paradox of a cortical action attributable to small-fibre impulses despite occlu- 
sion of the expected response, for the equivalent of a simple monophasic lead 
is unlikely to be provided by a surface electrode in contact with such an 
elaborately organized tissue. 

One interpretation of cortical evoked potentials ascribes a major fraction of 
the positive wave to the synaptic generation by thalamocortical impulses of 
sinks located deeply on pyramidal cells, the apical dendrites of which near the 


- surface consequently act as sources (Eccles, 1951). The subsequent surface- 


negative wave represents depolarization of the superficial dendrites, either by 
‘antidromic’ impulse propagation towards the surface when the deep synaptic 
sinks reach critical intensity, or by additional internuncially-relayed synaptic 
action impinging on dendrites near the surface. If this view is correct, it is 
conceivable that the arrival of additional small-fibre generated thalamocortical 
impulses either by the same or by other radiation fibres might intensify by 
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temporal (and perhaps spatial) summation the deeply situated sinks to the 
point of discharging a number of cortical cells. Depolarization of pyramidal 
cell apical dendrites by antidromic impulse conduction or by relayed synaptic 
action would bring about a surface-negative trend curtailing the duration of 
the primary positive wave by hastening its return to the base line, as suggested 
earlier. On the other hand, without previous ‘priming’ by large-fibre action, 
thalamocortical impulses set up by an afferent volley restricted to the smaller 
fibres might simply create deeply located sinks on cortical cells, thus eliciting 
a surface-positive wave as actually observed. 

This interpretation is, of course, purely speculative, but until more is known 
about the details of thalamic and cortical functional architecture a fully 
satisfactory explanation is unlikely to be available. Studies such as the recent 
elegant work on cortical units by Mountcastle (1957), when reinforced by 
adequate detailed analysis of peripheral receptor and subcortical synaptic 
mechanisms, are likely to go far towards explaining the — of phenomena 
revealed by population studies such ¢ as ours. 


SUMMARY 


1. The relationship between size of afferent volley i in a skin nerve and 
amplitude of the surface-positive cortical wave evoked by it has been investi- 
gated in the deeply anaesthetized cat. 

2. The form of the input-output curves defining this relationship shows that 
impulses in afferent fibres of the lowest threshold (Group II) project to the 
cortex, and that presynaptic terminals at synapses on the pathways aeonved 
have very high transmitter potentiality. 

3. Inclusion in the volley of impulses in fibres of siiatieste high threshold, 
particularly Group III fibres, does not usually augment the cortical positive 
wave set up by weaker stimulation, but curtails its duration. 

4, This curtailment, and the responses evoked by small-fibre volleys in 
isolation, together show that impulses in cutaneous fibres throughout the 
myelinated range (Groups II and a have access to cortical receiving 
zones. 

5. Myelinated fibres of all sizes appear to relay to ipsilateral Area II as well 
as contralateral Areas I and II, by way of the dorsal column route and by 
a faster route in the ipsilateral lateral column. 

6. The apparent occlusion of small-fibre evoked surface-positivity is probably — 
largely a result of the complex and composite nature of the cortical response, 
though convergence at subcortical synaptic relays may also be involved. 

7. There appears to be a group of cutaneous afferent fibres, including those 


of lowest threshold, which project to the cortex but do not activate segmental 
flexor reflex mechanisms. 
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OBSERVATIONS ON THE LOCALIZATION OF 
5-HYDROXYTRYPTAMINE 


By RUTH V. BAKER 
From the Department of Pharmacology, University of Oxford 


(Received 25 March 1958) 


The amines of physiological interest appear to be stored in cytoplasmic 
granules. This has been shown to be true for the catechol amines in the adrenal 
medulla (Blaschko & Welch, 1953; Hillarp, Lagerstedt & Nilson, 1953) and for 
histamine (Copenhaver, Nagler & Goth, 1953; Hagen, 1954; McIntire, 1956). 
These amines are present in specific cell organelles which are distinct from 
mitochondria (Blaschko, Hagen & Hagen, 1957; Wetzstein, 1957; Smith & 
Lewis, 1957). 
- Little is known about the idivedellulal localization of 5-hydroxytryptamine 
_ (5-HT). The largest store of 5-HT in mammals is in the intestinal mucosa. There 
is still some discussion about the nature of the cells which contain the amine. 
Many believe it to be present in the enterochromaffin cells (Erspamer, 1954); 
these cells contain argentaffin granules (Masson, 1928). However, it is not 
generally accepted that the characteristic staining reactions of these granules 
are due to 5-HT (Jacobson, 1954; Glenner & Lillie, 1957; Lillie, 1957). 
Preliminary experiments have already been reported from this laboratory 
_ which indicated that the bulk of the 5-HT present in a homogenate prepared 
from the intestinal mucosa of the dog’s duodenum can be sedimented by 
centrifugation (see Blaschko, 1956). These experiments have since been 
extended, and the present paper gives a report on observations on the locali- 
zation of 5-HT in this tissue. | 


MATERIALS AND METHODS 


Dogs were anaesthetized with ether, and bled. The duodenum was removed, cut open and washed 
~ thoroughly in ice-cold 0-9% NaCl solution. The mucus was removed by scraping the inner surface 
lightly with the back of a scalpel. The mucous membrane was then scraped off and. weighed. 
The tissue was briefly homogenized in ice-cold 0-3 m sucrose solution in a chilled glass homogenizer. 
Enough 0-3 m sucrose solution was then added so that each 1 ml. of the homogenate corresponded 
to 0-2 g of fresh tissue. 

The homogenate was centrifuged for 5 min at 900g in a MSE refrigerated centrifuge. The 
_ supernatant was decanted and recentrifuged for 15 min, again at 900g. This procedure was 


3 
« 1 
~ 
i 
» 
i 
By; 
oe 
ry 
4 
4a 


564 RUTH V. BAKER 


adopted because the first centrifugation did not produce a sharp boundary between supernatant 
and sediment. After the second centrifugation a clear separation was obtained. The low-speed 
supérnatant was centrifuged for 30 min at 11,000 in the ultra-high-speed attachment of the 
centrifuge. This centrifugation gave a high-speed supernatant and a high-speed sediment. This 
sediment, which was equivalent to the mitochondrial or large-granule fraction, was resuspended 
in 0-3 M sucrose, to & final volume of 5 ml. All centrifugations were carried out at 0° C. 

Extraction of 5-HT. Enough acetone was added to the samples to bring its concentration to 
95% (v/v); the samples were then left standing at 4° C for 24 hr. The extraction procedure de- 
scribed by Amin, Crawford & Gaddum (1954) was then followed. 

Assay of 5-HT. The rat uterus method of Amin et al. (1954) was used, but usually oestradiol 
(0-2 mg/kg) was injected subcutaneously on each of the 2 days before the assay; this increased 
the sensitivity of the preparation, so that 5~10 yg could be used as the standard dose. In all 
experiments, the amounts of 5-HT have been given in terms of the base. 

Determination of protein nitrogen. The protein was precipitatec by adding an equal volume of 
10% trichloroacetic acid to the sample. The precipitate was sedimented by centrifugation. The 
sediment was resuspended in 2 ml. of x-NaOH and digested in a micro-Kjeldahl flask. Deter- 
minations were carried out on duplicate portions of each sample using steam ssSeneaa in a 
Markham still. 


RESULTS 
5-HT content of homogenates and recovery of 5-HT in the low-speed supernatant 
In order to obtain an estimate of the losses incurred in the preparation of the 
low-speed supernatants, the contents in 5-HT of the homogenates and the 
low-speed sediments were determined in three experiments. A mean 5-HT 
content of 8-7 (7-9-9-9) vg/8 of tissue was found in the homogenates. This 
figure is similar to those given by Feldberg & Toh (1953). - : 
Of the total 5-HT present in the homogenates, 52 (37-62) ° was recovered 

in the pooled sediments from the two low-speed centrifugations. This fraction 
of the 5-HT was discarded in the subsequent experiments, The relatively large 
amounts of 5-HT present in these sediments are probably accounted for by 
imperfect homogenization of the tissue and partly also by a sedimentation of 
some granular material in the double centrifugation. 


Distribution of 5-HT and protein nitrogen 

All further determinations were carried out on the low-speed supernatant 
and the two fractions derived from it: the high-speed supernatant and the 
resuspended high-speed sediment. Ten experiments were carried out and the 
results obtained are given in Tables 1-3. 7 
_ Table 1 gives the results of the 5-HT assays. In this Table, as well as in 
Table 2, the values for the high-speed supernatants and for the resuspended 
high-speed sediments have been corrected for the changes in volume which 
occurred in centrifugation and resuspension. The table shows that 15% of the 
5-HT content of the low-speed supernatant was recovered in the high-speed 
supernatant. The high-speed sediment accounted for 68% of the total 5-HT 
of the final low-speed supernatant. In the high-speed centrifugation there 
occurred a mean loss of 17% of 5-HT. The reason for this loss has not been 
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Tasce 1. Contents in 5-HT of low-speed supernatants obtained from sucrose homogenates of the 
dog’s duodenal mucosa, and of fractions derived from these supernatants by high-speed 
centrifugation (30 min at 11,000 9). Results expressed as yg of 5-HT/ml. of the low-speed 


supernatant. 


Expt. Low-speed 
no, supernatant sediment 


1-46 


— 


Mean 1-24 
Percentages 100 


Taste 2. Protein nitrogen of low-speed supernatants and of fractions derived from them by 
high-speed centrifugation. Results are expressed as mg protein nitrogen/ml. of the low-speed 


Recovery after 


high-speed 
High-speed High-speed centrifugation 
no. supernatant sediment 


supernatant 

Expt. Low-speed 
1 1-69 
2 1-60 
3 1-56 
4 2-39 
5 139 
6 1-72 
7 1-72 
8 1-70 
9 (104 
10 0-90 

Mean 


TaBLE 3. Ratio of 5-HT (ug) to protein nitrogen (mg) in fractions obtained 
in experiments shown in Tables 1 and 2 


Low-speed High-speed 


0-23 


high-speed 


(%) 


(%) 


S 


after 
1-36 109 
0-06 0-91 16 
0-28 0-91 88 a 
0-09 0-36 66 q 
0-08 0-70 63 a 
0-15 0-86 89 q 
0-35 0-77 72 a 
0:26 0-91 67 4 
0-12 0-77 73 4 
| 0-17 0-82 128 
15 68 83 a 
0-30 
1-18 0-31 
1-99 0-32 a 
1-15 0-22 q 
1°57 0-23 
1-49 0-21 4 
1-32 0-29 
1:79 0-34 
0-49 0-24 
1-33 0-28 
Ratio C:A 
0-20 4-00 4:6 
0-05 3-03 3-8 
0:24 2-94 3-4 
0-05 1:12 4-0 
0-07 3-18 3-6 4 
0-10 3-74 5-7 4 
0-23 3-66 4-0 4 
0-20 3-14 3-1 4 
0-07 2:26 3-6 : q 
0-35 3-42 4:0 9 
0-16 3-05 4-0 
+0-10 +0-84 +07 4 
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further investigated, but it may be mentioned that a very active amine oxidase 
is present in this tissue. Of the total amount of 5-HT recovered after high- 
speed centrifugation 82°, was present in the sediment. 

The distribution of protein nitrogen in these experiments is given in Table 2. 
It can be seen that the mean recovery of protein nitrogen in the two fractions 
obtained by high-speed centrifugation was satisfactory. Four-fifths of the 
total protein nitrogen was recovered in the high-speed supernatant. 

In Table 3, the recoveries of 5-HT have been expressed in terms of the 
protein nitrogen content of the fractions. The last column of this table shows 
that in the separation of the high-speed sediment a fourfold purification had 
occurred. 


TaB.e 4. Recentrifugation at high speed (30 min at 11,000 g) of a resuspended sediment of granules. 
The total 5-HT content (ug) of each fraction is given, together with the percentage recoveries 
after recentrifugation (in parentheses) 


2nd high-speed centrifugation 
Resuspended 
Expt. high-speed Resuspended 
no. sediment Supernatant sediment 
6 1-0 0-04 (4) 0-7 (70) 
7 1-9 0-10 (5) 1-1 (58) 
ll 2-6 0-20 (8) 1:5 (58) 
12 6-8 0-80 (11) 6-7 (99) 
13 1-6 1-6 (100) 
14 10-2 3°30 (32) 6-9 (68) 
Mean 
percentages (100) (12) (76) 


| Recentrifugation of the high-speed sediment __ 
In several of the experiments the resuspended high-speed sediment was 
again centrifuged at high speed (30 min at 11,000 g). The supernatant was 


decanted and the sediment resuspended in 0-3 m sucrose. The results of the — 


5-HT determinations in these fractions are given in Table 4. The table shows 
that of the total 5-HT present at the beginning of the second high-speed 


centrifugation, 76°% could be recovered in the sediment. The mean total | 


recovery was similar to that after the first high-speed centrifugation. 


Recovery of added 5-HT ae 

In order to find out if 5-HT was taken up by the granules, two experiments 
were carried out in which 5-HT was added to suspensions of granules and the 
final 5-HT content of the high-speed sediment determined. In each experiment 
the amount of 5-HT added was 1 ug/ml. of fraction, but in the first experiment 
(shown in Table 5A) the 5-HT was added to a portion of the homogenate, 
whereas in the second (shown in Table 5B) it was added to the low-speed 
supernatant. In both experiments another portion, whizh had no 5-HT added, 
was centrifuged and fractionated at the same time; this portion is referred to 
as the control. The calculation of the amounts of 5-HT expected in the super- 
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natant fluids is based on the assumption that all the 5-HT added was present 
in the supernatant fluid decanted, 

In the experiment shown in Table 5A both the control sample and the 
sample to which 5-HT had been added were centrifuged at low speed (900 g); 
this was followed by a high-speed centrifugation (11,000 g) of the low-speed 
supernatant fluids. Assays of 5-HT were carried out on the low-speed and 
high-speed supernatants and on the resuspended high-speed sediments obtained 
from both portions. Table 5A shows that of the 5-HT added, 71% was 
_ recovered in the low-speed supernatant fluid; since the low-speed sediment 
still contained much extragranular fluid, this figure must be considered as 
a minimum value. 


Taste 5. Recovery (ug/ml.) of 5-H added either to a sucrose homogenate (4). 


or to a low-speed supernatant (B) 
A. 1 Se 5-HT added /ml. B. 1 pg 5-HT added /ml. 
of homogenate of low-speed supernatant 
Sample with 5-HT added "Sample with 5-HT added 
Control ‘Recovery | Control Recovery 
Fraction sample Found lated (%) sample Found lated (%) 
Low-speed 1-15 1-90 2-68 71 1-25 2-14 2-25 95 
supernatant — 

High-speed 025 4110 1-78 62 0-25 41S 1:25 9 | 
supernatant 
High-speed 0-81 0-75 1-14 1-09 — 

sediment 


Similar results were obtained in the experiment in which 5-HT was added 
__ to the low-speed supernatant before high-speed centrifugation (see Table 5 B). 
In both experiments the amounts of 5-HT in the high-speed sediments were 
not significantly different from the 5-HT contents of the corresponding control 
_ sediments, indicating that added 5-HT had not been taken up by the granules. 


Release of 5-HT in hypotonic sucrose solutions 


_ A high-speed sediment was prepared as described above and resuspended i in 
03 M sucrose to a total volume of 10 ml. Of this suspension, portions of 1 ml. 
were added to 4 ml. of sucrose solutions of decreasing tonicity. The samples 
were allowed to stand at 0° C for 10 min; they were then centrifuged for 30 min 
at 11,000 g. The supernatant fluids were decanted and the sediments resus- 
pended in 0-3 m sucrose for an assay of their 5-HT contents. The percentage 
recoveries in the sediments are shown in Fig. 1. With decreasing tonicity of 
the medium there had occurred an increasing loss in the amount of 5-HT 
_ recovered in the sediments. 
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5-HT content (%) 


3 


20 


03 02 01 005 
Sucrose (M) 


Fig. 1. The suspension of the large-granule fraction in sucrose solutions of different tonicities and 
recovery of 5-HT in the high-speed sediments. Abscissa: molar sucrose concentration of the 
final suspension. Ordinate: 5-HT content as % of the fraction resuspended in 0-3 m sucrose. 


DISCUSSION 
The observations described confirm the preliminary results which suggested 
that much of the 5-HT in sucrose homogenates’of the duodenal mucosa of the 
dog can be sedimented by high-speed centrifugation. The centrifugal forces 
required are similar to those used for the isolation of the mitochondrial fraction 
in other tissues. Since much of the 5-HT activity is lost during the low-speed 
centrifugation, owing to incomplete homogenization and some sedimentation 
of granular material, it is difficult to estimate how much of the total 5-HT of 


the mucous membrane is present in granules. The results do suggest that the 
proportion is high. 


The finding that 5-HT is associated with the mitochondrial fraction is 


analogous to the observations of Walaszek & Abood (1957). They found 
that 60-70% of the total 5-HT present in the rat’s brain was sedimented 
with the mitochondria. Different results, however, were obtained by 
Bogdanski, Weissbach & Udenfriend (1957) who used the gastric mucosa 
of the rabbit.. They reported that the 5-HT was not localized in any one 
fraction but was associated with each particulate fraction, nuclei, mito- 
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chondria and microsomes, to approximately the same extent. This difference 
between their results and those described here may in some measure be due to 
differences in procedure. The present results were obtained by the use of a 
sucrose solution more nearly isotonic with ‘physiological’ media for the 
isolation of the granules, whereas Bogdanski et al. used strongly hypertonic 
media. 

Several observations bear out the fact that the 5-HT which is present in the 
granules is held in a specific manner. The granules can be resuspended and 


' resedimented without much loss of 5-HT activity. Also, when 5-HT is added 


to the suspending medium it does not appear to mix with the endogenous 
amine, suggesting that the latter is differently located. If, on the other hand, 
the granules are destroyed by suspension in hypotonic solutions, the 5-HT 
which they contain is released. These findings are similar to those reported for 
the granules that carry the catechol amines and for the histamine-carrying 


granules. These amines are sedimented with the mitochondrial fraction 


(Blaschko & Welch, 1953; Copenhaver et al. 1953), and they can be released 
by treatment with hypotonic solutions (Hillarp et al. 1953; Hagen, 1954). 
The granules that carry the catechol amines and those carrying histamine 
have been shown to be distinct from mitochondria. In homogenates of the 
bovine adrenal medulla it has been found possible to separate the chromaffin 
granules from those which contain the mitochondrial enzymes, by centrifuga- 
tion through a density gradient (Blaschko et al. 1957). It is tempting to assume 


that the 5-HT is also located in distinct granules, possibly derived from the 


enterochromaffin cells, After the release of 5-HT from the gut by treatment 
with reserpine in vivo, the number of these cells, as shown up by their ability 
to reduce silver nitrate, is decreased (Vialli & Quaroni, 1956). However, there 
is still some doubt as to the identification of the argentaffin cells with those 


that store 5-HT. 


The cell-free suspension of granules used in this work must be derived from 
a great variety of cells, and it is likely that the granules rich in 5-HT represent 


_ only a.small proportion of all the granular material present. In order to obtain 


histochemical evidence on the properties of these granules it would be necessary 
to prepare fractions richer in 5-HT than the material used in this study. Such 


_ preparation might also answer the question whether or not the 5-HT-carrying 
granules are mitochondria. 


SUMMARY 


1. Homogenates of the dog’s duodenal mucosa have been prepared in 
isotonic sucrose and the content in 5-HT has been determined in fractions 


obtained by centrifugation. 


2. Much of the 5-HT has been recovered i in a fraction of large granules 
sedimented with mitochondria. 
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3. Suspensions of large granules did not release much of their 5-HT into the 
suspending media upon recentrifugation at high speed. 

4. Added 5-HT was not taken up by the large-granule fraction. 

5. Suspension in hypotonic media caused a release of 5-HT from the 
granules. 


I wish to thank Dr Blaschko for his advice and encouragement throughout this work, which was 
carried out during the tenure of a Medical Research Council grant. 
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ANAPHYLACTIC SHOCK IN THE ALBINO RAT 


By R. K. SANYAL anp G. B. WEST 


From the Department of Pharmacology, School of Pharmacy, 
Unwersity of London, Brunswick Square, London, W.C. 1 


(Recewved 18 December 1957) 


It has been known for a long time that rats are difficult to sensitize to foreign 
proteins (Longeope, 1922). Probably the first workers to give a comprehensive 
description of anaphylactic shock in the rat were Parker & Parker (1924), who 
recorded symptoms of dyspnoea, abdominal cramps, progressive hypothermia 
and collapse. At autopsy there were congestion and haemorrhage in several 
tissues, particularly in the small intestine where desquamation of the epithelium 
_ was also noted. In recent years, anaphylaxis in the rat has been reported by 
_ Halpern, Liacopoulus & del Castillo (1955) and by Mota (1957). The Dale- 
- Schultz reaction, so characteristic of sensitized guinea-pig tissues, has been 
noted in the rat by Parker & Parker ( 1924), Kellaway (1930), Suden (1934), 
and Campbell & Nicoll (1940). 

The difficulty in sensitizing rats has led to the use of accessory means of 
aggravating the phenomenon. Such methods have included simple changes 
in the diet (Seegal & Khorazo, 1929), the operation of suprarenalectomy 
_ (Flashman, 1926; Wyman, 1929; Dews & Code, 1953) or of hypophysectomy 
(Molomut, 1939), the use of Freund’s adjuvant (Lipton, Stone & Freund, 1956) 
or the use of Haemophilus pertussis vaccine (Malkiel & Hargis, 19526). 

From a review of the literature on the production of anaphylactic shock in 
- the rat, the following points emerge: 

(1) The time of incubation following sensitization is a factor of primary 
importance. Shock is only produced after an incubation period of at least 
10 days; on the other hand, it is greatly reduced if the challenge is given 
_ after 21 days or more (Hochwald & Rackemann, 1946). | 

(2) For the regular production of the Dale-Schultz reaction, passive sensi- 
_ tization with heterologous serum appears to be superior to active sensitization 
_ (Kellaway, 1930). 
| (3) Severe or fatal shock is rare though the symptoms and lesions produced 


| a follow the pattern described by Parker & Parker (1924). 
PHYSIO. OXLII 


57 

iG 

é 
¥ 

ag 

x 

be 

4 


572 R. K. SANYAL AND G. B. WEST 


(4) The highest number of fatal reactions occur when H. pertussis vaccine 
is used as an accessory agent for sensitization (Malkiel & Hargis, 19526). 

The object of the present work was to obtain more detailed information 
about the role played by H. pertussis vaccine in aiding sensitization of the rat 
to foreign protein. It is known that in mice treatment with H. pertussis — 
vaccine renders the animal more sensitive to histamine (Parfentjev & Good- 
line, 1948; Malkiel & Hargis, 1952a), and since these experiments have been 
completed a similar action in mite has been found for 5-hydroxytryptamine 
(5-HT) (Kind, 1957; Kallos & Kallos-Deffner, 1957). No experiments of this 
kind with 5-HT have so far been performed in rats, and the present results 
show that in this species treatment with H. pertussis vaccine increases. the 
sensitivity to 5-HT as well as to histamine. The time courses of the hyper- 
sensitivity to the two amines differ although there is some overlap, and this 
period of overlap coincides with the condition in which severe anaphylactic 
shock can be produced. 


MATERIALS AND METHODS 


Animals. Female albino rats (125-175 g) obtained from the Agricultural Research Council’s 
Field Station at Compton were used in all experiments. For passive sensitization, injections of 
plasma from sensitized rats were made into female guinea-pigs (400-600 g). The diets consisted 
of cubes, for rats (No. 41, Association London Flour Millers Ltd.) and for guinea-pigs (No. 18 B). 
Drinking water was allowed ad lib. 

Antigens. (1) Horse serum (Burroughs Wellcome, Ltd., London); (2) Fresh egg white, mixed 
with an equal volume of n-saline and strained; (3) Ovalbumin (4% (w/v)) in n-saline; (4) Hog 
mucin (1-5% (w/v)) suspended in n-saline. 

_ Whooping cough vaccine. Haemophilus pertussis vaccine, phase I, 20,000 x 10° organisms/ml., 
grown in Cohen and Wheeler’s liquid medium. 

Sensitization. 1 ml. of one of the antigens, with or without 1 ml. of H. pertussis vaccine, 
intraperitoneally. 

Challenge. 1 ml. of the corresponding antigen intravenously under light ether anaesthesia 
12-18 days after sensitization, unless otherwise stated in the text. 


Assessment of shock 


The various signs and symptoms of shock were recorded on an arbitrary scale, as follows: 
. Not responding to painful stimuli, score of 1 mark; 

Hair ruffled, 1 mark; | 

. Moderate drop in body temperature, 2 marks; 

. Severe drop in body temperature, 3 marks; 

Dead in 4 hr, 5 marks; 

. Dead in 24 hr, 3 marks, 

On Shin fhe maximal: possible sore for any rat ia 10 (eg, the sum of scores for 
signs 1, 2, 4 and 5). 

Injections of fresh egg white into normal rats produce peripheral oedema, and the fall in blood 
pressure produced by anaphylactic shock masks this oedema formation. Absence of oedema is 
therefore a positive sign of shock and presence of oedema a negative sign. The assessment ne 
used for egg-white anaphylaxis were as follows: 

1, Not responding to painful stimuli, score of 1 mark; 

2. Hair ruffled, 1 mark; 

3. Moderate drop in body temperature, 1 mark; 
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4, Severe drop in body temperature, 2 marks; 
5. Absence of oedema, 1 mark; : 
6. Presence of oedema, minus 2 marks; 
7. Dead'in 4 hr, 5 marks; 
8. Dead in 24 hr, 3 marks. 


Again, the possible foe any 10 (as. the sum of scores 
for signs 1, 2, 4, 5 and 7). 


Resulte have been recorded as the mean shock values exprossed as percentages of the maximal 
possible scores of groups of four or more rats. On this system of assessment, shock values over 
20% denote the presence of anaphylactic shock. 


Extraction of rat tissues and assay procedures for histamine and 5-hydroxytryptamine 

The tissues were either extracted with trichloroacetic acid and assayed on the isolated guinea- _ 
pig ileum for histamine, or extracted with acetone and assayed on the isolated rat uterus for 5-HT. 
_ The methods have been described in detail elsewhere — & West, 1957). All values of hista- 
mine and 5-HT in this paper refer to the base. 


Perfusion of tissues of rats 
Rats were anaesthetized with intraperitoneal injections of urethane (1-5 g/kg), and either the 
hind quarters or the alimentary canal with liver were perfused. The hind quarters were perfused 
through the abdominal aorta, using oxygenated Locke’s solution, and the venous effluent was 
collected from the vena cava (Feldberg & Mongar, 1954). The alimentary canal and liver were 
perfused through the thoracic aorta as it pierces the diaphragm. The abdominal aorta and the 
inferior vena cava were clamped above the level of the renal vessels, the lumbrical and ovarian 
vessels being ligated. The perfusate was collected from the inferior vena cava above its junction 
with the hepatic vein. The venous effluent was tested for histamine on the atropinized guinea-pig 
ileum and for 5-HT on the atropinized rat uterus. Evans blue dye was injected intra-arterially at 
the conclusion of each experiment to verify the areas which were perfused. 
Histaminase activity of rat tissues 
Histaminase activity was estimated in homogenates of the intestine, since that tissue is the 
chief source of this enzyme in the rat. The method was that used by Wicksell (1949). 


RESULTS 
Anaphylactic shock in the rat with various antigens 


Horse serum. Groups of rats were sensitized by a single injection of horse 
serum and challenged within 5 min or 1, 5, 12, 18 or 25 days after sensitization. 
The shock values obtained have been plotted in Text-fig. 1. Anaphylactic 
shock occurred only when the challenge was given 12 days after sensitization, 
_ and even then it was of a mild character (shock value 25%) and no deaths 
were recorded. 

When H. pertussis vaccine was added to the sensitizing dose of horse serum 
and groups of rats were similarly challenged, intense shock was produced 
12 days after sensitization (Text-fig. 1), In 45 out of 66 animals (i.e. 68%) the 
shock was fatal. Occasionally fatal anaphylactic shock was also seen when 
_ the challenging dose was given up to 18 days after sensitization. 

The symptoms of the anaphylactic shock are as follows. Immediately after 


| Bin respiration becomes hurried and severe diaphragmatic movements 
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occur. Frothy exudate appears from the nose. Quickly the animal assumes a 
peculiar ‘kangaroo-like’ attitude, standing upon its hind paws with its body 
hunched. The hair is ruffled, there is loss of reaction to painful stimuli, and the 
body temperature and blood pressure fall. Following this stage, some animals 
show signs of recovery, both the body temperature and blood pressure gradually 
returning to normal levels. Recovery is then complete in 24hr. Other 
animals exhibit progressive shock which is characterized by severe prostration, 
weakness, cyanosis, exophthalmos and convulsions. Death usually occurs 
within 4 hr, but is sometimes delayed. 


100 


0 5 10 15 20 
Time of challenge (days after sensitization) 


Text-fig. 1. Mean shock values (expressed as percentages of the maximum) of groups of rats when 
challenged with horse serum at varying times after sensitization by horse serum (O - - - O) 
or by horse serum and H. pertussis vaccine (@——-@). 


In rats killed 15 min after challenge, there is slight to moderate congestion 
of the abdominal viscera, particularly in the small intestine. Microscopically 
there are petechial haemorrhages in the submucosa, eosinophil infiltration in 
the mucosa and submucosa, and oedema of the columnar cells lining the villi 
(Pl. 1, fig. 1). In rats killed 1 hr after challenge, congestion of the viscera is 
more pronounced and ecchymotic patches appear in the walls of the small 
intestine. Microscopically, haemorrhages in the submucosa are extensive and 
the oedema extends to the villi, where the epithelial cells at the top show des- 
quamation (PI. 1, fig. 2). Rats dying from anaphylactic shock in 2-4 hr show 
severe congestion of the whole alimentary canal and peritoneum, blood and 
mucus being found in the lumen of the gut (Pl. 2). The liver and spleen are 
also congested. A constant microscopic feature at this stage is almost complete 
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desquamation and disintegration of the mucosa of the small intestine (PL. i, 
fig. 3). Occasionally petechial haemorrhages are found in the lungs. 

Fresh egg white. Rats were sensitized by a single injection of fresh egg 
white, and challenged immediately or on 1, 5, 12, 18 or 25 days after sensitiza- 
tion. The shock values have been plotted in Text-fig. 2, Moderately severe 
shock was noted only when the challenge was given 12 or 18 days after sensitiza- 
tion. When H. pertussis vaccine was added to the sensitizing dose of egg white 
and rats were similarly challenged, the shock values were raised (Text-fig. 2). 


100 


Shock value (%) 


5 15 20 
Time of challenge (days after sensitization) 


Text-fig. 2, Mean shock values (expressed as percentages of the maximum) of groups of rats when 
challenged with egg white at varying times after sensitization by egg white (O --- ©) or 
by egg white and H. pertussis vaccine (@——@). 


Maximal figures were again obtained 12-18 days after sensitization. The symp- 
toms and pathological changes were similar to those recorded in the previous 
section using horse serum and H. pertussis vaccine. 

Ovalbumin, As with egg white, the shock value after ovalbumin sensitization 
and challenge was increased by treatment with H. pertussis vaccine, from 40 
to 55% at 12 days after sensitization. 

Hog mucin. This was found to be a poor antigen in the rat, and treatment 
with H. pertussis vaccine only resulted in a maximal shock value of 30% 
(Text-fig. 3). 

In rats pre-treated with only H. pertussis vaccine 12 days previously, the 
primary intravenous injection of any one of the foreign proteins used or of 
H. pertussis vaccine itself in the dose employed for aiding sensitization failed 
to produce a shock-like condition. Likewise the injection of a non-specific 
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protein into rats sensitized with a specific protein and H. pertussis vaccine — 
failed to produce significant shock (Text-fig. 3). 
It is possible that the challenging dose of antigen exerts part of ite action 
by functioning as a stress agent. The effect of a non-specific stress was therefore 
tested 12 days after a primary injection of H. pertussis vaccine. Rats were 
anaesthetized with ether and the abdomen and lower extremities immersed in 
hot water at 60° C for 10 sec. After drying the animals they were allowed to 
recover. Severe oedema of the hind paws developed at the same rate as in 
heated uninjected rats and 4 hr after immersion there was no congestion in 
the jejunum. 
100 


Shock value (%) 


Primary HS HPV HPV HPV OV HPV HMJHMHPV HS {HS 
injection HPV HPV HPV {HPV HPV 

Challenge HS HS HS HPV EW EW EW OV OV OV HMHM HM EW EW 

Text-fig. 3: Comparison of shock values (expressed as percentages of the maximum) of groups of 

rats on intravenous challenge 12 days after primary injections of various antigens, or 
H. pertussis vaccine (HPV), or both. Antigens used were horse serum (HS), egg white (ZW), 


ovalbumen (OV), and sie mucin (HM). Shock — over 20% denote the presence of 
anaphylactic shock. 


Primary toxicity of the vaccine. Although the dose of the vaccine used for 


_ aiding sensitization did not produce any noticeable reaction in the rats, four 
times this dose (i.e. 80,000 x 10® organisms) killed 10 out of a total of 42 rats 
(ie. 24%). Morbid changes were similar to those noted in anaphylaxis, con- 
gestion of the gastrointestinal tract being. prominent. The remaining 32 rats 
showed mild degrees of shock, with recovery in 24 hr. 

of histamine and 5-HT. As in mice, treatment with H. 
vaccine rendered the rats more sensitive to histamine and 5-HT. Four days 
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after such treatment, the animals were nearly five times more sensitive to 
histamine than were the untreated control animals. Lethal doses of histamine 
in such treated rats produced death in less than 2 hr, with intestinal lesions 
which were often similar to those found in animals undergoing active anaphy- 
laxis 12 days after sensitization with horse serum and H. pertussis. vaccine. 
This increased sensitivity to histamine persisted for about 10 days and then 
_ slowly returned to levels found in untreated control rats (Text-fig. 4). 
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Days after H. i vaccine 


Text-fig. 4. Comparison of the time period of the hypersensitivity of rats to histamine gin 
and to 5-HT (© - - — ©) after treatment with H. pertussis vaccine with that of anaphylactic 
sensitivity to foreign protein (as indicated between the two arrows). Ordinates: LD, values 
in the treated rats expressed as percentages of the values obtained in control rats (histamine, 
600 mg/kg intraperitoneally ; 5-HT, 30 mg/kg intravenously). Abscissae: time in days after 
treatment with H. pertussis vaccine. 


The sensitivity of the rats to intravenous doses of 5-HT following treatment 
with H. pertussis vaccine was unaltered for about 10 days, then for the next 
10 days it increased three fold, and lastly it gradually returned to levels found 
in the control rats (Text-fig. 4). Death usually occurred within 15 min of 
intravenous administration, congestion of the lungs and abdominal viscera 
being present. 

Thus following treatment with H. pertussis vaccine there is an early cas 
(up to 10 days) when the rats are more sensitive to histamine, an intermediate 
phase (10-18 days) when they are more sensitive to both histamine and 5-HT, 
followed by a late phase of a few days when the rats are more sensitive to 
5-HT but not to histamine. When the challenge is given during the inter- 
mediate phase, full anaphylactic shock develops, whereas given in the early 
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or late phase (or beyond 25 days) the shock produced is insignificant, though 
the incubation period between the sensitizing dose and the challenging dose 
of the antigen is kept constant. 

The sensitization of the animals by H. pertussis vaccine with horse serum, 
or by H. pertussis vaccine with egg white, also resulted in an increased sen- 
sitivity to histamine and 5-HT on the 12th day, whereas sensitization with 
horse serum alone or with egg white alone either failed to render the rats more 
sensitive than the untreated control rats or — only a slight sensitization 
(Text-fig. 5). 

100 


% 
0 


HS+HPV HPV it EW 
Primary injection 


nixktle 5. Coikpabtana of the hypersensitivity of rats to histamine, [], and to 5-HT, m, 12 days 
after the primary injection of antigen, or H. pertussis vaccine (HPV), or both. Antigens used 
were horse serum (HS) and egg white (ZW). LD,, values in the treated rats expressed as 

_ percentages of the values obtained in control rats. 


Action of histamine liberators. Compound 48/80, a releaser of both histamine 
and 5-HT, and polymyxin B, a compound which preferentially releases hista- 
mine (Parratt & West, 1957), were given intraperitoneally and deaths were 
recorded over 24hr. In untreated rats, the LD,, for compound 48/80 is 
2 mg/kg and for polymyxin B is 5 mg/kg. In rats treated with H. pertussis 
vaccine 12 days previously, both substances were found to be twice as toxic 
as in untreated rats. 

Amine conient of the tissues. The histamine and 5-HT contents of certain 
tissues were assayed in control rats, in rats 12 days after sensitization with 
horse serum and H. pertussis vaccine, and in rats in which anaphylactic shock 
had been produced. The results are shown in Table 1. The values were about 
the same in all three groups of rats except in the jejunum of the shocked rats, 
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where there was an apparent lowering of both the histamine and 5-HT levels 
which could be attributed to oedema of the tissue. ; 

Urinary histamine. The histamine content of the urine of rats pre-treated 
with H. pertussis vaccine 12 days previously was compared with that of 
uninjected control animals.. Urine was collected over periods of 5 hr and assayed 
directly on the isolated guinea-pig ileum. Rats pre-treated with H. pertussis 
vaccine excreted on the average 3-32 yg histamine in this period whereas the 
controls excreted 3°45 pg. 


TaBLE 1, Comparison of the histamine and 5-HT contents (ug/g) of tissues of control rats, rats 
sensitized 12 days previously with horse serum and H. pertussis vaccine, and similarly 
sensitized rats after challenge with horse serum. All values are the means of four or more rats 


Histamine 5-HT 
Tissue Control Sensitized Shocked Control Sensitized Shocked 
Spleen 1-2 10 0-9 4-0 4-2 41 
Lungs 10-0 12-0 10-0 2-0 2-2 2-0 
 Jejunum 22-2 20-0 15-0 4-6 38: 33 


Subcutaneous connective tissue 35°5 37-0 38-0 1-0 0-9 0-8 


To determine whether the renal mechanism for excretion of histamine of 
rats pre-treated with H. pertussis vaccine is as efficient as that of control rats, 
intraperitoneal doses of histamine (2 mg/kg) were given to groups of animals 
and the urine collected and assayed as previously described. Rats pre-treated 
with H. pertussis vaccine excreted on the average 25-5 ug histamine in 5 hr, 
whereas the controls excreted 22-3 yg. | 

Release of histamine and 5-HT by antigen from perfused sensitized tissues. 
Rats were sensitized by a single injection of horse serum or egg white, with or 
without H. pertussis vaccine, and their hind quarters or alimentary canal with 
liver were perfused 12 days later. After the injection of antigen, the perfusate 
was collected every 15 min for 1 hr and assayed for histamine. At this time, — 
the release of histamine had returned to basal levels. There was wide variation 
in the histamine release from experiment to experiment, but pre-treatment 


with H, pertussis vaccine did not significantly alter the histamine release. 


It was of the same order as that from rats in which sensitization had not been 


_ aided by H. pertussis vaccine and in which either horse serum or egg white 


was the antigen. 
In most experiments 5-HT was also assayed in the perfusate, but in no case 


was the release greater than the basal level before antigen. Normal rat 


plasma added to the perfusion fluid before tune injection of antigen also did not 


Increase the release of either amine. 


Typical intestinal haemorrhagic patches sometimes developed in the isolated 
perfused sensitized intestines on addition of antigen to the perfusion fluid. 
The intensity of this reaction was not as severe as in the intact animal, since 


the blood from the tissues had been partly washed out by the perfusing fluid. 
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Such haemorrhagic patches were never seen in perfused intestines of normal — 


rats or of rats pre-treated with H. pertussis vaccine alone. 

Tissue histaminase. There was no significant alteration in the histaminase 
activity of intestinal homogenates of rats pre-treated with H. pertussis vaccine 
12 days previously when compared with that of similar extracts taken from 
untreated control animals. | 

Dale—Schultz reaction. The response of the uterus or colon of the sensitized 
rat to antigen was tested by suspending strips of tissue in an isolated organ 
bath containing magnesium-free de Jalon fluid at 30°C. As early as 6 days 
after sensitization, a small contraction was sometimes noted; between 10 and 
15 days, there was always a contraction; after more than 20 days, both 
preparations no longer responded to the antigen. Pre-treatment of the rat 
with H. pertussis vaccine did not modify the Dale-Schultz reaction and de- 
sensitization occurred normally on addition of the second dose of antigen. 


Tasix 2. Precipitin reaction of rat plasma 9 days after sensitization with horse serum or with 
horse serum and H. pertussis vaccine. Precipitate shown on a relative scale from + + to 0 


Concentration of 3 
antigen added’ Plasma dilution 

Sensitizing treatment (%) 1/5 1/50 1/500 1/1000 

Horse serum 50 ++ + . 0 

Horse serum + H. pertussis vaccine 50 | ++ + 3 0 

10 + re} 0 0 


Precipitin reaction. Rats were sensitized by a single injection of horse serum ~ 


with or without H. pertussis vaccine 9 days previously. Plasma from such 
animals was collected, serially diluted with n-saline and incubated at 37° C 


during the night with diluted horse serum. Plasma from untreated rats was. 
similarly diluted and incubated with diluted horse serum. A positive reaction — 


- was judged when a clear distinction existed between the amount of precipitate 
formed in the tube containing treated rat plasma and that formed in the tube 
containing a similar dilution of untreated rat plasma. Results shown in 


Table 2 indicate that H. pertussis vaccine does not influence the production 


of precipitating antibodies in the rat. 

Passive transfer of antibodies. Rats were sensitized by a single injection of 
horse serum with or without H. pertussis vaccine 9 days previously. Plasma 
from such animals was injected intraperitoneally into guinea-pigs, which were 
challenged 24 hr later by an intravenous injection of horse serum (1 ml.). 
Respiratory distress and moderate shock was observed in all animals; H. per- 
tussis vaccine failed to modify the response. The lungs of guinea-pigs killed 
30 min later presented slight to moderate emphysema and the pleural mast cells 
were mostly disrupted. When passive transfer of antibodies was carried out 
5 or 15 days after sensitization, the resulting shock on challenge was definitely 
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_ milder, and at 22 days after sensitization the plasma failed to confer passive 
sensitivity to horse serum. —_ 

Plasma from rats sensitized with only horse serum 9 days previously was 
also injected into normal rats and into rats which had received H. pertussis 
vaccine 12 days previously. The rats were challenged 24 hr later with intra- 

venous doses of horse serum. An average shock value of 45% was obtained 

in the experiments in which the rats had received H. pertussis vaccine pre- 
viously, compared with ‘ din average shock value of 10% in normal rats. Such 
a result suggests that H. pertussis vaccine magnifies the effects of the antigen- 
antibody reaction, and in fact some recipient rats died in 24 hr, with peteohial 
haemofrhages in the intestine. 

In another experiment, a rabbit received intraperitoneal injections of horse 
serum (each of 1 ml.) every day for 5 days. Ten days later the rabbit was bled 
and its serum tested for precipitin. A positive reaction was noted in a dilution 
of 1 in 800. 2 ml. of the undiluted serum was then injected intraperitoneally 
into each of six control rats and six rats which had received H. pertussis vaccine 
12 days previously. Both groups of animals were challenged 24 hr later with 
intravenous doses of horse serum and the shock assessed. The shock value in 
the rats which received H. pertussis vaccine was 45 % — in the control group _ 
it was 10%. 3 

These results indicate therefore that pre-treatment of pal oe rats with 
H. pertussis vaccine facilitates the passive transfer of both homologous and 
heterologous antibodies, but no such enhancement occurs if donor rats are 


treated instead of 


DISCUSSION 


The present results show first that the anaphylactic shock in the albino rat 
produced by horse serum is relatively mild, but that a more severe shock can 
be elicited when egg white is used as an antigen, and secondly that treatment 
with H. pertussis vaccine always aggravated the shock produced by either 
antigen, thus confirming and extending the results obtained by Malkiel & 
Hargis (19525). 

Anaphylaxis in the rat is characterized by a progressive eiroulatary collapse, 
the underlying mechanism of which is apparent when the abdominal viscera 
- are examined, The earliest: lesions occur in the small intestine and consist of 
oedema, haemorrhage and eosinophil infiltration in the submucosa. The oedema 
rapidly spreads to the villi and in severe cases separates the mucosa from the — 
_ submucosa. Desquamation of the mucosa is followed by internal haemorrhage 
leading to progressive fatal collapse. The target organ is probably the small 
intestine itself, since similar lesions are occasionally found in isolated sensitized 
intestine on perfusion with antigen. It is possible that changes occurring 
elsewhere in the body play a subsidiary role i in the development of the lesions. 


4g 
4 
T, 
3 
j 
ida 
be 
Wad 
; 
a 
A 
An 
“a 


582 R. K. SANYAL AND G. B. WEST 


A summary of the chief events in the time course of anaphylaxis in the rat 
either in the presence or absence of H. pertussis vaccine is as follows. During 
the period of 5 to 10 days following sensitization, precipitins appear in the 
blood and can be transferred passively to guinea-pigs. In this period, no 
active anaphylaxis can be produced though a minimal Dale—Schultz reaction 
is sometimes obtained. For the next 10 days active anaphylactic shock can 
be produced and the Dale-Schultz reaction is maximal. Beyond 20 days these 
responses rapidly diminish to pre-sensitization levels. 

H. pertussis vaccine does not appear to influence the essential characteristics 
of the anaphylactic reaction in the rat. It does not render the primary in- 
jection of foreign protein toxic to the animals; it does not affect the specificity 
of the response on challenge; and it does not alter the duration of the anaphy- 
lactic sensitivity. The intensity of the systemic anaphylactic reaction is 
increased but otherwise it is not modified. The potentiating action is also 
manifest in anaphylaxis induced by passive transfer of both homologous and 
heterologous antibodies, though the anaphylactic response of isolated smooth — 
muscle is little changed. 

The potentiating action of H. pertussis vaccine on the anaphylactic reaction 
in the rat could be the result, among other factors, of either an increased forma- 
tion of antibodies, or an increase in the amount of amines released, or an in- 
crease in the sensitivity of the tissues to the released amines. The present 
results give no evidence for increased formation of antibodies or for increased 
release of amines. H. pertussis vaccine does not increase the precipitin titre, 
nor does it increase the power of the plasma to sensitize guinea-pigs passively. 
The amine content of the tissues is not raised by treatment with H. pertussis 
vaccine and antigen, and the release of amines from perfused sensitized tissues 
by antigen is unchanged. But there is an increase in the sensitivity of the 
tissues to the released amines. Treatment of rats with H. pertussis vaccine 
renders them hypersensitive to both histamine and 5-HT, although the time 
courses of these two phenomena are different. There is some overlap, however, 
and it is only during this period of hypersensitivity to both amines that rats 
undergo severe anaphylactic shock when challenged with antigen. Therefore at 
least one factor responsible for the potentiating action of H. pertussis vaccine 
on the anaphylactic reaction is the hypersensitivity of the tissues to histamine 
and 5-HT. Itis doubtful, however, if this is the full explanation as the tissues 
at this period of time may also be hypersensitive to other substances. 


SUMMARY 
1. Anaphylactic shock in the rat is characterized by progressive circulatory 
collapse. | 
2. The target organ is the small intestine, where oedema and haemorrhage 
in the submucosa and desquamation of the mucous membrane occur. 
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3. Anaphylactic shock in the rat is aggravated by pre-treatment with 


H. pertussis vaccine. 


4. Treatment with H. pertussis vaccine does not alter the content of 
histamine and 5-HT in the tissues, nor does it alter the urinary excretion of 
histamine. 

5. Treatment with H. pertussis vaccine does not alter the histaminase 
content of the intestinal wall which is the chief source of this enzyme in the rat. 

6. Treatment with H. pertussis vaccine does not increase the release of 
histamine and 5-HT either from perfused tissues on addition of antigen, or 
from the tissues of an animal undergoing anaphylactic shock. 

7. Treatment with H. pertussis vaccine does not increase the amount of 
precipitin formed in response to the injection of antigen. 

8. The only observed effect of H. pertussis vaccine is to increase the sensi- 
tivity of the animals to histamine and 5-HT, but it is not clear whether this 
phenomenon alone is responsible for the increased sensitivity to anaphylactic 
shock. 
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EXPLANATION OF PLATES 
Fig. Boson Small intestine. Haematoxylin and eosin (explanation in text). 15 min after ana- 


Fig. 2. 1 hr after anaphylaxis. — 
Fig. 3. 2 hr after anaphylaxis. 


2 

(A) Control rat; 2 hr after horse serum intravenously. (B) Sensitized rat (horse serum 12 days 
previously); 2 hr after horse serum intravenously. There is congestion of the blood vessels 
of the abdomen. (C) Sensitized rat (horse serum and H. pertussis vaccine 12 days previously) 


2 hr after horse serum intravenously. 
_.smallintestine. 
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medullated nerve fibre affected by (frog), 
360 
Bee tozoa motility affected by (dog), — 


eceptors, conduction velocity 
in fibres from gastro-intestinal (cat), 
119 

Medulla, heat-sensitive region located in 
(cat), 55P 

Membrane potential, ions effect on 
crustacean muscle fibre (crayfish), 520 

resting and active electroplate (ray), 251 

Menstrual fluid, plain muscle stimulants 
in (man), 48P 

Methacholine, gastric secretion affected 
by (guinea-pig), 235 

Methionine, histidine enantiomorphs in 
competition with intestinal absorption 
of enantiomorphs of (rat), 51 P 

Methylpentynol, learning affected by 
(rat), 30P 

water metabolism affected by (rat), 29P 

Microscope slides, fisid-locating device 
for (T), 47P 

Moth muscle fibres, membrane potentials 
recorded from, 20 P 

Motor axon, motoneurone action potential 
relation to conduction velocity of (cat), 
281 

Motor unit, contraction time in fast and 
slow muscles of (cat), 285 
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Muscarine, vagus excitatory action on 
atria and (rabbit), 180 

Muscle, internal pH of (crab), 22 

isotonic and isometric recording apparatus 

for 42P 

Muscle contracture, internal pH affected 
by (crab), 31 

Muscle spindle control system, electro- 
mechanical analogue of (T), 1P 

Myelinated nerve fibre, calcium and 
magnesium action on (frog), 360 

Myoneural junction, electron perry 
of (frog) (T), 1P 


Nerve, internal pH of (squid), 44 

Nerve fibre, myelinated, calcium and 
magnesium action on (frog), 360 

sodium effect on receptor potential and 

its (cat), 385 

New-born, oxygen 
with growth of (pig), 57P 

Nicotine, y-aminobutyric acid antagonism 
on ileum to (guinea-pig), 150 

Noradrenaline, pepsin secretion of stomach 
affected by (dog), 28P 


Oedema, lung compliance affected by 

pulmonary (rabbit), 306 
perfusion pressure in lung affecting 

(rabbit), 295 

Orbital cortex, medullary potential fol- 
lowing stimulation of (T), 41P 

Oscillograph camera motor, automatic 
single frame attachment for use with, 
14P 

Oxygen consumption, blood flow and 
A-V oxygen difference relationship with 
muscle (man), 314 


Oxyhaemoglobin dissociation curve, 


b lobin dissociation curve 
comparison with (man), 71 
Oxytocin, electrolyte excretion and R.P.F. 
affected by (dog), 471 


Pacinian corpuscle, ions and 
potentials in (cat), 382 
Parathormone, bone calcium and sodium 
affected by (rat), 447 
Peristaltic reflex, y-aminobutyric acid 
effect on (guinea-pig), 154 
Phenylbutazone, gastric ulceration and 
secretion affected by (guinea-pig), 34 P 
Phrenic nerve section, rumination 
by (goat), 505 
Physical fitness, pulmonary diffusing 
capacity at rest and (man), 54P 
, thyroxine barrier in (rabbit), 


XXi 
Plain muscle, excitation and conduction 
in (guinea-pig), 420 


‘Polysynaptic flexor reflex, cortical re- 


sponse evoked by cutaneous nerve 
stimulation relation to (cat), 553 
Posterior pituitary hormones, electrolyte 
excretion affected by (dog), 468 
Post-exercise hyperaemia, rate of exercise 
in cooled forearm effect on (man), 23.P 
Post-tetanic potentiation, flexor reflex 
and cortical response to cutaneous 
nerve stimulation affected by (cat), 555 
Potassium, after-potentials in skeletal 
muscle fibre affected by (frog), 85 
crustacean muscle fibre membrane pro- 
perties affected by (crayfish), 520 
electroplate membrane potentials affected 
by (ray), 258 
erythrocyte cation content and movement 
of (sheep), 460 . 
muscle internal pH affected by excess of 
(crab), 31 
spermatozoa motility affected by (dog), 494 
temperature effect on renal tubular 
transport of (dog), 208 . 
Pregnancy, histamine site of formation in 
(rat), 37P 
Proprioceptive nerve, excitability changes 
of terminals in spinal cord of (cat), 3 
Prostigmine,  electroplate membrane 
potentials affected by (ray), 269 
Pulmonary circulation, hypoxia of one 
lung effect on (man), 38 P 
Pulmonary congestion, lung compliance 
affected by (cat, rabbit), 306 
Pulmonary diffusing capacity, physical 
fitness and resting (man), 54P 
portable apparatus for measurement of 
(man), 17P 
Pulmonary vasodilator fibres, (dog), 19 P 


Radioactive sodium, adrenalectomy effect 
on exchange between bone and serum 
of (rat), 439 

Receptor potentials, sodium effect on 
(cat), 382 

Renal plasma flow, oxytocin action on 
(dog), 477 

Reserpine, adrenal gland adrenaline and 
noradrenaline following depletion by 
(rat), 61P 

vagus excitatory action on atria affected 

by (rabbit), 178 

Respiratory exchange, resistance in 
circuit effect during exercise on (T), 
62P 


Reticulum, pressure rumi- 


changes 
nation in rumen and in (goat), 507 
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Retinal quantum-events, neural ‘dark 
noise’ and, 49P 


Rubidium, a motility affected 


by (dog), 500 
Rumination, mechanism of —— 


during (goat), 503 


Salivary secretion, vasodilatation relation 
to (cat), 226 
Schwann cell membranes, hypertonic 
solutions and growth effect on contact 
‘relationships between axon and 
9P 
Sensory nerve, excitability in spinal cord 
of terminations of (cat), 1 
Skeletal muscle, blood flow and A-V 
oxygen difference relationship with 
oxygen consumption of (man), 314 
chemical modification of intracellularly 
recorded after-potentials in (frog), 78 
motoneurone action potentials of fast and 
slow (cat), 275 
temperature effect on action and after- 
potentials in fibre of (frog), 97 
Skin, bradykinin formation in heat vaso- 
dilatation of (man), 219 
Skin sensory nerve, excitability changes 
of terminals in spinal cord of (cat), 7 
Skin temperature, knitted wire fabric for 


from bone of (rat), 438 
crustacean muscle fibre membrane pro- 
perties affected by (crayfish), 521 
electroplate membrane potentials affected 
by (ray), 263 
cation content and movement 
of (sheep), 455 
receptor potentials affected by (cat), 382 
tem effect on renal tubular trans- 
Spermatozoa, potassium, magnesium and 
calcium effect on motility of (dog), 494 
Spinal cord, afferent fibre terminations 
excitability in (cat), 1 
Spinal lesions, cortical response to cuta- 
neous nerve stimulation affected by 
(cat), 551 
Spinal man, thermoregulation in, 406 » 
portable apparatus for (man), 


brane properties affected by (crayfish), 
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Superior cervical ganglion, preganglionic 
denervation and axotomy effects on 
cholinesterase in (rat), 7P 

Superior vena cava, total venous return 
and proportion from (dog), 370 

Sweat, bradykinin in (man), 222 

Sweat glands, ischaemia effect on response 
to acetyl-8-methylcholine and ACh of 


(man), 32P 
Taenia coli, excitation and conduction in 
(guinea-pig), 420 
Temperature, to con- 


artery responses 
strictor drugs affected by (bullock), 395 
oxygen consumption of new-born affected 
(pig), 37P 
_ skeletal muscle fibre action and after- 
potentials affected by (frog), 97 
etraeth crustacean muscle 


(crayfish), 522 
Thrombin, formation time of (man, horse), 
199 
hormone, placental transfer of 
(rabbit), 333 
Thyroxine, bone calcium and sodium 
affected by (rat), 447 
_ placental transfer of (rabbit), 331 
Time-scale generator, digital delay and, 
3P 
Tissue fluids, low barometric pressures 
and boiling of (man), 50P 
Triiodothyronine, placental transfer of 
(rabbit), 333 
Tubocurarine, electroplate membrane 
potentials affected by (ray), 268 
Vagal afferent fibres, el iological 
identification of single nna 110 
Vagal stimulation, adrenaline and atria 
response to (cat, rabbit), 174 
heart A-H interval affected by (cat, dog), 
134 
Vasoconstrictor drugs, temperature effect 
on artery response to (bullock), 395 
Vasopressin, electrolyte excretion affected 
by (dog), 470 
Venous blood, haemostatic capacity of 
(dog), 242 
Venous return, partition of (dog), 366 
Veratrine, after-potentials of 
muscle fibre affected by (frog), 88 
Visual pigments, kinetics in cones of 
(man), 


Water diuresis, v. effect on 


asopressin 
electrolyte excretion during (dog), 470 
Wave press, 44P 


measuring (man), 1 P 
e Sodium, adrenalectomy effect on release 
5 Splenectomy, anaphylactic shock and 
q (guinea-pig), 5P 
; Stomach, noradrenaline action on pepsin 
4 secretion by (dog), 28P 
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